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It is well recognized that interruption of the 
lower thoracic and lumbar sympathetic nerves, 
or the administration of certain hypotensive drugs 


“6 


particularly sodium nitrite and the “sympatholytic” 
agents may cause hypotension and collapse in the 
erect position. It has been postulated that this 
hypotensive reaction is due to pooling of blood in 
the dependent parts of the body, particularly in the 
splanchnic vascular bed with consequent failure 
of venous return and, hence, of cardiac output (1). 

During studies on the hemodynamic effects of 
hypotensive drugs in man we have observed sud- 
den and marked reductions of arterial pressure 
frequently with collapse occurring in the supine 
position. This phenomenon was induced by sub- 
jecting the limbs to brief periods of venous con- 
gestion, after the administration of certain hypo- 
tensive agents (2). This paper presents data on 
the types of agents that cause this phenomenon as 
well as an analysis of the mechanisms whereby the 
effect is produced. 


MATERIALS AND METHODS 


The subjects were patients both hypertensive and nor- 
motensive from the hospital wards. Arterial 
was recorded either by the usual auscultatory method or 


pressure 


optically with a Hamilton manometer connected to an 18 
gauge needle inserted into the brachial artery 

With the patient in the supine position, inflatable cuffs 
connected to a large air reservoir bottle were applied 
proximally to both thighs and one arm and were held in 
place by covering the cuffs and adjacent skin with gauze 
In all of the hypertensive patients the limbs 


bandage. 


1 Supported in part by research grants from the Na- 
tional Heart Institute, U. S. Public Health Service, E. R. 
Squibb and Sons, New York, N. Y., and Irwin, Neisler 
and Company, Decatur, Ill. 

2 Captain, M.C., U.S.A.F. 


were congested with a pressure of 1Q0 mm. Hg and in the 
normotensive subjects at pressures of 60 to 80 mm. Hg. 
Before and after the administration of each of the various 
drugs tested the extremities were congested for five min 
After each drug the 
blood pressure was recorded frequently. The point at 
which the blood pressure leveled off or began to rise was 


utes unless collapse supervened. 


taken as the point for applying venous congestion. A 
similar procedure was used in the venesection experiments. 

The volume of blood trapped in the congested ex- 
tremities method of 
Ebert and Stead (3) following a congestion period of 


was determined according to the 
five minutes, instead of seven to 10 minutes as used by 
those investigators. The shorter congestion period may 
account for the fact that in the present experiments the 
volume of blood trapped in the extremities usually was 
smaller than that observed by Ebert and Stead. 
Following the congesting period the pressure in the 
cuffs was raised to 250 mm. Hg after which the dye 
T-1824 was injected. Samples were drawn at eight and 
The occluding cuffs *were then 
released and further sampling was carried out at 18 and 
20 minutes. 


10 minutes afterwards. 


The latter samples were used to determine 
total blood volume while the former were used to deter- 
mine the volume of that portion of the body not removed 
from the general circulation by the occluding cuffs. It 
was found that the dye density values of the eight and 
10 minute samples agreed closely with each other indi- 
cating that mixing was essentially complete at the end of 
eight minutes. Similarly the '8 minute were in good agree- 
ment with the 20 minute samples. The results of other 
(47) that in normal sub- 
jects equilibration of dye is complete in less than eight 
minutes. 


investigations also indicate 
Hence, it seems probable that this method was 
sufficiently accurate for the present purposes. 

The segment plethysmograph used to determine changes 
in calf volume was the same as that described by Wilkins 
and Eichna (8) with the exception that proximal and dis- 
tal blood pressure cuffs were not applied since in the 
present experiments the plethysmograph was used to de- 
termine volume changes rather than blood flow. 

In the venesection experiments a 15 gauge needle was 
inserted into an antecubital vein and the blood introduced 
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into a vacuum flask containing 130 cc. of acid citrate dex- 


(ACD). 
tion of the bleeding period the flask was inverted, and then 


trose solution Immediately following comple 


pressurized by raising it and introducing air into it in 
order to hasten the return of blood to the circulation 
RESULTS 
Effect of various hypotensive agents in the produc- 
ion of collapse during venous congestion of 
tion of collay | | 
the extremities 
In 
tion of any drug only two of the 24 subjects ex- 
hibited a 


the control period, prior to the administra- 


significant reduction of arterial pres- 


sure during congestion of the extremities for a 
five minute period. In these two cases (G. S. 


and J. L., Table 


S\ stolic + diastolic 


I) the reductions in average 


. ) arterial pressure were 10 and 


12 per cent, respectively. Neither of these patients 
exhibited signs of collapse. 

Five patients who received sodium nitrite in 
doses of 90 to 210 mg. by mouth exhibited changes 
in average arterial pressure varying from + 1 to 


44 per cent (mean — 25 per cent) during con- 
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gestion of the extremities. Three of these sub- 
jects developed marked hypotension and symptoms 
of collapse within two to three minutes after the 
congesting pressures were applied. 

Five subjects were given 0.5 mg. of dihydro- 
ergocornine (DHQO) intravenously. During con- 
gestion the changes in average arterial pressure 
- 48 per 


Three of these sub- 


in these patients varied between + 6 and 
cent (mean — 27 per cent) 
jects developed signs of collapse prior to the end 
of the five minute congesting period. 

In three subjects given tetraethylammonium (250 
to 400 mg. intravenously ) none developed collapse 
during congestion of the limbs although all ex- 
reductions in average arterial 
4 to — 22 


However, all of the four subjects given 


hibited pressure 


varying from per cent (mean — 15 
per cent). 
the longer acting and more potent ganglionic block- 
ing agent hexamethonium (C,) developed col- 
lapse within two to five minutes of venous con- 
gestion. The reduction of arterial pressure in this 
group of patients varied between — 16 and — 56 


per cent (mean — 37 per cent). 


t of various hypotensive agents on the arterial pressure during congestion of the extremities 
of unsympathectomized patients 
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t Collapse 


t Collapse 


arterial pressure = : 


Collapse 

After five 
min. or less 
1? congestion 


pressure 


mm. Hg 
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occurred 2{ minutes after application of congesting pressure. 
occurred two minutes after application of congesting pressure. 





“CONGESTION-COLLAPSE” AFTER CERTAIN HYPOTENSIVE AGENTS 


TABLE II 


The amount of blood trapped in the extremities subjected to venous congestion before and after 
sodium nitrite, dihydroergocornine and hexamethonium 








Control After drug 





Blood 
trapped in 
congested 

limbs 


Volume of 
blood in 
trunk, head 
and arm 


Subject Volume of Blood 
blood in trapped in 
blood 
trunk, head volume congested 


and arm lim 


Total 
blood 
volume 


Total Drug dose 


and route 





ce. ce. 


6,400 1,540 


ce. ce. 
1,650 DHO 4,860 
0.5 mg. I.V. 


DHO 
0.5 mg. I.V. 


ce. 
6,350 


ce. 
4,700 


4,150 5,480 1,330 4,070 5,460 1,390 


4,040 5,075 1,025 Sodium nitrite 4,055 5,020 
210 mg. P.O. 


Sodium nitrite 3,010 4,280 


180 mg. P.O. 


2,990 4,230 1,240 


5,540 6,660 1,120 Hexamethonium 5,450 6,540 


50 mg. I.V. 


























* Data on the changes in arterial pressure given in Table I. 


No significant reductions of arterial pressure 
occurred during congestion of the extremities of 
three patients given 0.25 to 0.75 gm. of sodium 
amytal intravenously, two subjects given 0.8 or 
1.0 cc. of Veratrone (tincture of veratrum viride) 
intramuscularly and two patients given 40 Craw 
units of Vertavis (whole powdered root and rhi- 
zomes of veratrum viride) orally. In all of the 
latter cases significant reductions of basal arterial 
pressure had occurred following the administra- 
tion of veratrum viride. 

The signs and symptoms related to the collapse 
state induced by sodium nitrite and the “sympatho- 
lytic” agents during congestion of the extremities 
resembled those observed in other types of acute 
hypotension such as carotid sinus and vaso-vagal 
syncope, or postural hypotension. The pulse pres- 
sure became small and bradycardia frequently de- 
veloped. Pallor, yawning, sweating and vomiting 
sometimes occurred. The patients experienced 
faintness, giddiness and at times nausea. 

For example, patient E. C. (Table I) who re- 
ceived 180 mg. of sodium nitrite by mouth 30 
minutes prior to congestion exhibited a marked 
reduction of arterial pressure from 178/100 to 88/ 
70 mm. Hg within three minutes after the venous 
tourniquets had been applied. Accompanying the 
hypotensive response there was profuse sweating, 
pallor and bradycardia. The patient complained 


of faintness and nausea. Release of the congesting 
pressure at this time and tilting the patient into a 
five degree head-down position failed to relieve her 
symptoms. The arterial pressure continued to 
fall and one minute after releasing the pressure in 
the cuffs it was 48/33 mm. Hg and the heart 
rate was 58 per minute. Four minutes after re- 
leasing the congesting pressure the arterial pres- 
sure had risen to 110/78 mm. Hg and the heart 
rate to 72 per minute at which time the patient 
felt improved. 


The amount of blood trapped in the congested 
limbs 


In one hypertensive and four normotensive sub- 
jects the amount of blood trapped in the congested 
limbs was determined by the dye method of Ebert 
and Stead (3). In the control period the amount 
of blood present in both lower extremities and one 
upper extremity during congestion varied between 
1,025 and 1,650 cc. with a mean of 1,273 cc. (Table 
II, Figurel1). There were no significant changes in 
arterial pressure. Two subjects received sodium 
nitrite, two were given DHO and one received hex- 
amethonium. During the congestion period fol- 
lowing these drugs all of the subjects exhibited sig- 
nificant reductions of arterial pressure and three 
developed marked hypotension and symptoms of 
collapse (Table II). The latter occurred two to 
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Fic. 1. Cart oF ARTERIAL PRESSURE, INCREASE IN 
VoLuME oF CaLtrF SEGMENT, AMOUNT OF BLOop TRAPPED 
IN THE EXTREMITIES AND CONGESTING CUFF PRESSURES 
BEFORE AND AFTER INTRAVENOUS HEXAMETHONIUM (50 
mg.) in Supyect I.P., Normat Mate, Acep 28 

In the control period the arterial pressure was well 
maintained during venous congestion of the extremities 
for 5% minutes. Following hexamethonium and 24 min- 
utes after the venous tourniquets had been applied, hypo- 
tension and collapse developed. However, the amount of 
blood trapped in the congested extremities was less and 
the increase in volume of the calf segment was not as 
great as in the control period. 


four minutes after the beginning of congestion. 
This necessitated application of occluding pressure 
prior to the end of the five minute congestion pe- 
riod. This was done in order to prevent blood 
from either entering or leaving the limbs while 
the patient was tilted into a head-down position 
and allowed to recover during the time that the 
blood volume determinations were being com- 
pleted. 
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The amount of blood present in the congested 
limbs during the experimental period varied be- 
tween 965 and 1,540 cc. (mean 1,263 cc.). In two 
subjects there was a slight increase in the amount 
of blood trapped in the limbs in the post-drug as 
compared to the pre-drug congestion period and 
in three cases a slight decrease. In no case did the 
pre-and post-drug values vary from each other by 
more than 12 per cent. 


Changes in calf volume during venous congestion 
of the extremities 


In order to corroborate these observations indi- 
cating that no more blood is trapped in the limbs 
during venous congestion after as compared with 
before the administration of agents which induce 
“congestion collapse,” the volume changes in the 
calf were measured using a _plethysmograph. 
Hexamethonium was administered to all of the 
subjects. 

In the control period the increase in volume of 
the calf segment during four and one-half to six 
and one-half minutes of venous congestion varied 
between 2.4 to 5.2 cc. per 100 cc. of limb volume 
(mean 3.8 cc.) (Table III, Figure 1). Hypoten- 
sion did not occur in any of these subjects. 

After hexamethonium five of the six subjects 
developed severe hypotension during periods of 
congestion of one and one-half to four minutes. 
The increase in calf volume varied between 2.0 
and 3.6 cc. (mean 2.7 cc.). Subject P. G. did not 
develop severe hypotension during application of 
venous tourniquets for five and one-half minutes. 
The rate of increase in calf volume during con- 
gestion usually was greater after as compared to 
before hexamethonium (Figure 1). However, in 
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The increase in volume of the calf segment during application of venous tourniquets before and after 
the administration of nexamethonium 
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TABLE IV 


The effect of dihydroergocornine (DHO), hexamethonium (Cs), and sodium nitrite on the arterial pressure and heart rate 
following venesection and subsequent return of the removed blood to the circulation 
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* Yawning, pallor, feels faint. 


four of the five patients who developed hypoten- 
sion during the post-drug congestion period 
marked reduction in arterial pressure occurred 
before the total increase in calf volume was as 
great as that observed at the end of the pre-drug 
congestion period. 

The estimation of the amount of blood trapped 
in the congested limbs as determined by the ple- 
thysmographic method agrees approximately with 
that obtained by the dye method. Previous studies 
estimate that about 750 cc. of blood are normally 
present in the lower extremities (3). The average 
amount of blood found in the congested extremities 


was 1,270 cc. Thus, the excess of blood pooled 
out was approximately 1,270 — 750 or 520 cc. Us- 
ing the plethysmographic method the average in- 
crease in calf volume during the control period was 
approximately 5.6 cc. per 100 cc. of limb volume. 
If the volume of both lower extremities is estimated 
to be approximately 10 liters the amount of blood 
pooled out would be 5.6 x 100 or 560 cc. It should 
be emphasized that this is a crude estimation since 
the plethysmograph measures the volume change 
in only one segment of the limb which may repre- 
sent a selective rather than a representative por- 
tion of the vascular bed being congested. 
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Effects of certain hypotensive drugs on the arterial 
pressure during venesection 


Seven patients, of whom five were hypertensive, 
were bled rapidly from an antecubital vein with 
removal of 250 to 525 cc. of blood (Table IV). 
Two patients received 0.5 mg. of dihydroergocor- 
nine intravenously, two were given 50 mg. of hexa- 
methonium by the same route and three received 
120 to 240 mg. of sodium nitrite orally. All of 
these patients exhibited reductions of average ar- 
terial pressure varying from — 10 to — 42 per 
cent; in five patients the reduction exceeded — 24 
per cent. 
lapse after withdrawal of 250 and 500 cc. of blood, 


Two patients developed signs of col- 


respectively. 

The arterial pressure did not fall precipitously 
at any point in the bleeding period. Instead there 
usually was a stepwise decrease with each 100 cc. 
of blood removed (Table IV and Figure 2). Simi- 
larly on returning the blood to the circulation the 
increase in arterial pressure paralleled the rate at 
which the blood was reinfused. Thus, there was 
no evidence of a critical amount of blood loss as in 
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untreated subjects beyond which “compensation” 
fails and the arterial pressure falls suddenly. 

As a control the arterial pressures of eight blood 
donors were measured during venesection. No 
pretreatment with hypotensive agents had been 
given. The removal of 500 cc. of blood at a similar 
rate from each of the donors resulted in a decrease 
of average arterial pressure of — 8 to + 2 per cent 
(average — 3 per cent). 


Absence of congestion collapse after hypotensive 
drugs in partially sympathectomized subjects 


Eight hypertensive patients who had undergone 
either a lumbodorsal, or a transthoracic splanch- 
nicectomy four months to five years previously 
were studied. 
trite in doses of 150 to 180 mg. orally, one re- 
ceived 0.3 mg. of the mixed dihydrogenated alka- 
loids of ergot (CCK) intravenously and five were 
given 50 mg. of C, intravenously (Table V). In 
only two subjects were significant decreases in 
average arterial pressure observed (— 11 and — 22 
per cent, respectively) during the post drug con- 


Two patients received sodium ni- 
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Hexamethonium (50 mg.) was given intravenously 30 minutes prior to be- 
ginning the venesection. Yawning, pallor and a feeling of faintness developed 
when the blood pressure fell to its lowest point. 
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TABLE V 


The effect of sodium nitrite, Cs and CCK on the arterial pressure during congestion of the 
extremities of sympathectomized patients 
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gestion period. Neither of these subjects de- 
veloped signs or symptoms of collapse. Six of the 
eight had significant reductions of basal arterial 
pressure following the hypotensive agents and all 
of these exhibited increased postural hypotension. 


DISCUSSION 


The development of collapse during venous con- 
gestion of the extremities has been observed in 
normal subjects (3) and in patients who have 
suffered recent blood loss (9). Our observations 
indicated, however, that patients given certain hy- 
potensive agents are unusually susceptible to the 
development of collapse produced by venous tour- 
niquets and/or hemorrhage. The type of hypo- 
tensive agents producing this phenomenon were 
those which also cause postural hypotension (10, 
11), that is, sodium nitrite, hexamethonium, tetra- 
ethylammonium and the dihydrogenated alkzloids 
of ergot; whereas hypotensive drugs such as vera- 
trum viride and sodium amytal which do not ordi- 
narily cause postural hypotension also did not in- 
duce congestion collapse. 

The increased susceptibility to collapse during 
venous congestion following sodium nitrite and 
the sympatholytic agents conceivably might be due 
to one of several mechanisms. Ebert and Stead 
have demonstrated that considerable amounts of 
blood may be trapped out of the central circula- 


tion during venous congestion of the limbs (3). 
They showed that if venous tourniquets were ap- 
plied for ten minutes or longer almost 30 per cent 
of the total blood volume may be present in the 
congested extremities resulting in collapse even 
in normal untreated subjects. It should be noted 
that the period of venous congestion had to be 
longer than five minutes to produce collapse in 
these untreated subjects. Since, in the present ex- 
periments with sodium nitrite and the “sympatho- 
lytic agents” hypotension appeared early in the 
congestion period it seemed possible that these 
agents induced greater pooling of blood in the con- 
gested extremities. This might have resulted from 
a reduction of “post-arteriolar tone” in the con- 
gested limbs produced by these drugs. The in- 
creased vascular capacity would thus produce criti- 
cal loss of blood volume from the central circula- 
tion. However, this possibility was disproven by 
actual measurement of blood volume trapped in 
the limbs which demonstrated that despite the ap- 
pearance of hypotension no more blood was trapped 
out during the post-drug as compared to the con- 
trol congestion periods. 

Plethysmographic measurement of the increase 
in volume of the calf during congestion also failed 
to reveal a greater increase in calf volume after as 
compared with before administration of these 
agents. In several instances the rate of increase in 
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calf volume was greater following the drug sug- 
gesting a decrease in arteriolar and/or post-ar- 
teriolar torie (or a failure of reflex arteriolar con- 
striction in the limb). However, marked hypo- 
tension occurred before the total volume increase 
was as great as that achieved at the end of five 
minutes of congestion in the control period. Thus, 
the observed changes in calf volume provided 
additional confirmatory data that the collapse was 
not associated with increased amounts of blood 
trapped in the limbs. 

The increased rate of blood loss to the extremi- 
ties following these hypotensive agents may have 
contributed somewhat to the collapse reaction by 
producing a rapid decrease in venous return and 
hence of cardiac output. However, the venesection 
experiments demonstrated that increased rate of 
blood loss was not the major cause of the hypo- 
tensive reaction. Figure 2 shows that the arterial 
pressure fell despite gradual removal of 500 cc. of 
blood over a period of eight minutes, whereas a 
similar rate of removal in the control subjects of 
these venesection experiments had no significant 
effect on the arterial pressure. 


Another possible explanation for the increased 
susceptibility to congestion collapse was that the 
hypotension was due to failure of homeostatic 
vasoconstriction either arteriolar, post-arteriolar 
or both, in areas other than in the congested limbs 


(12). The vascular system in essence is com- 
posed of a pump, an arterial conduit leading to a 
capillary reservoir and a return or venous conduit. 
The capillary reservoir which has a huge capacity 
in comparison to the total blood volume is capable 
of considerable variation in volume. If the reser- 
voir were to enlarge to its full capacity blood would 
be lost from the large conduits, whereas if it be- 
came smaller an excessive amount of blood would 
be forced into the central circulation. If this closed 
system were static, blood loss would produce a fall 
in pressure throughout and a diminution of venous 
return. However, since the normal vascular sys- 
tem is dynamic, the capillary reservoir is capable 
within certain limits of reducing its capacity in 
proportion to the degree of blood loss. Thus, the 
venous conduit remains filled and venous pressure 
and return are maintained. Certain hypotensive 
agents by doing away with the ability to reduce the 
volume of the capillary beds convert the vascula- 
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ture into a more static system with the result that 
during blood loss the pressure falls throughout and 
venous return fails. 

If the collapse were due to failure of compensa- 
tory reactions to minor degrees of blood loss from 
the central circulation it would be expected that 
moderate blood loss by any route including vene- 
section would produce a similar hypotensive reac- 
tion. After the administration of sodium nitrite, 
the mixed dihydrogenated alkaloids of ergot or 
hexamethonium, hypotension and collapse did oc- 
cur following blood loss by venesection in amounts 
insufficient to induce significant hypotension in 
untreated individuals. These venesection experi- 
ments, therefore, provided direct evidence that the 
collapse during the post-drug congestion period 
was due to failure of compensatory vasoconstric- 
tion in the presence of relatively small amounts of 
blood loss. 

The present data are not inconsistent with pre- 
vious observations that sodium nitrite reduces “ve- 
nous” (post-arteriolar) tone but does not prevent 
sympathetic vasoconstrictor reflexes involving the 
arterioles (10, 11). In the prior studies graded 
congesting pressures of 10 to 50 mm. Hg were ap- 
plied for brief periods of only a few seconds to 
demonstrate the reduction in post-arteriolar tone 
(10). However, it must be emphasized that the 
congesting pressures of 60 to 100 mm. Hg used 
in the present experiments are far higher than 
those normally present in the capillaries and ven- 
ules (13). When such pressures are applied for 
as long as five minutes maximum filling of the post- 
arteriolar vascular bed must occur whether or not 
sodium nitrite has been given. This accounts for 
the fact that no more blood was trapped out after 
as compared to prior to sodium nitrite. Collapse 
occurs in the post-nitrite congestion period not 
because of a greater total amount of blood pooled 
in the limbs but rather from failure of a com- 
pensatory reduction in the volume of the post-ar- 
teriolar vascular bed in areas other than in the 
congested limbs. Although this action of sodium 
nitrite is not definitely clarified the available data 
imply that while the drug does not prevent ar- 
teriolar constriction it must have some paralytic 
action on the post- arteriolar blood vessels (10). 
In this respect it differs from the sympatholytic 
agents which markedly inhibit reflex arteriolar 
constriction (11). 
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Perhaps of greater significance was the observa- 
tion that withdrawal of a relatively small amount 
of blood by venesection, that is, 100 cc. or 2 to 3 
per cent of the total blood volume, resulted in a 
perceptible decrement in arterial pressure after 
premedication with a hypotensive drug. This was 
particularly apparent after hexamethonium, a drug 
which apparently produces relatively complete 
sympathetic blockade in man (14). Such obser- 
vations provide an index of the sensitivity of the 
homeostatic regulators of the circulation. These 
data suggest that in the normal, untreated indi- 
vidual losses of less than 5 per cent of the total 
blood volume stimulate compensatory decreases in 
the capacity of the vascular tree. 

Following administration of adequate doses of 
the sympatholytic agents the subsequent level of 
arterial pressure depended in large measure on 
the position of the patient. A head down posture 
usually prevented marked hypotension while a 
slight head up tilt of the body precipitated collapse. 
In the supine patient following the administration 
of C, marked reductions in arterial pressure could 
be induced either by tilting, venous tourniquets or 
moderate degree of blood loss by venesection. 
These observations are consistent with the con- 
cept that the sympathetic vasoconstrictor nerves 
and associated medullary vasomotor centers are 
primarily concerned with the rapid reflex adjust- 
ment of the capacity of the vascular system, toward 
regulation of arterial pressure under stress, rather 
than in the primary regulation of the “basal” level 
of blood pressure. 

The resistance of partially sympathectomized 
subjects to collapse during venous congestion ap- 
pears most likely to be related to the mechanisms 
which result in a gradual restoration of vascular 
“tone” in denervated areas. This resumption of 
tone is seen in the disappearance of increased blood 
flow in the forearm (15), in the hand (16), and 
in the hepatic-portal circuit (17) after regional 
sympathectomy as well as the gradual diminution 
of postural hypotension in patients who have un- 
dergone extensive splanchnicectomy (18). The 
mechanism whereby vascular tone is regained is 
unknown (19), but apparently, as evidenced by the 
present experiments, it results in attainment of 
at least partial homeostasis without dependence on 
local sympathetic vasoconstrictor reflexes. 


SUMMARY AND CONCLUSIONS 


1. The prior administration of sodium nitrite, 
the dihydrogenated alkaloids of ergot, hexame- 
thonium, and to a lesser extent tetraethylam- 
monium to normotensive or hypertensive patients 
resulted in a state of increased susceptibility to the 
development of hypotension and collapse when the 
limbs were congested with venous tourniquets. 

2. Veratrum viride and sodium amytal did not 
produce this effect. 

3. Measurement of the volume of blood trapped 
in the limbs (dye method) and the increase in vol- 
ume of the calf (plethysmograph) indicated that 
the hypotension and collapse were not due to pool- 
ing of excessive amounts of blood in the con- 
gested limbs. 

4. The hypotension and collapse were due to 
failure of compensatory vasoconstriction in other 
areas than in the congested extremities following 
moderate blood loss. This was demonstrated by 
the observation that after the administration of 
sodium nitrite, the mixed dihydrogenated alkaloids 
of ergot or hexamethonium hypotension fre- 
quently with collapse occurred during venesections 
of only 250 to 525 cc. of blood. 

5. After these drugs loss of as little as 2 to 4 per 
cent of the total blood volume frequently resulted 
in perceptible decrements of arterial pressure. 
Such observations illustrate the extreme sensitivity 
of the homeostatic vasoconstrictor mechanisms in 
the normal (untreated) individual. 

6. Patients who had previously undergone lum- 
bodorsal or transthoracic sympathectomy were 
more resistant to hypotension during the post- 
drug congestion period than were non-sympathec- 
tomized subjects. This resistance probably was 
related to the well known return of independent 
‘rascular tone in sympathectomized areas. 
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INTRODUCTION 


In the early reports on the administration of 
adrenocorticotropic hormone and cortisone to pa- 
tients with various disease states, there were de- 
scribed a number of effects, the reproduction of 
which might conceivably alter the course of infec- 
tions in man. Among these effects were deferves- 
cence, decrease in edema and inflammation, change 
in antibody production, and alteration in the state 
of hypersensitivity to bacterial products. Clinical 
evidence of such effects was provided by Finland, 
Kass and Ingbar (1) who showed that adreno- 
corticotropic hormone may effect striking altera- 
tions in the course of pneumococcal and primary 
atypical pneumonia. Moreover, equally striking 
changes were observed by Freeman and his co- 
workers in two patients with pulmonary tubercu- 
losis (2). The modification of response to infec- 
tion, by an agent which presumably acts solely upon 
the host, thus presents an opportunity for further 
evaluation of the participation of host mechanisms 
in tuberculous disease. 

There are relatively few forms of tuberculosis in 
humans appropriate for such a study. A serious 
form of progressive disease, with a reasonably pre- 
dictable course, is necessary. It is desirable to 
avoid reliance upon chest roentgenograms as the 
sole means of evaluating changes in a tuberculous 
lesion. In this situation, the extent of viable tissue 
within a lesion must be determined by a procedure 
which is highly subjective before proper evaluation 


1 Presented in part before The American Society for 
Clinical Investigation, Atlantic City, N. J., May 1, 1950. 

2 This study was supported in part by grants from The 
Division of Research Grants and Fellowships, National 
Institutes of Health, United States Public Health Serv- 
ice; the Lederle Laboratories Division, American Cy- 
anamid Company, Pearl River, N. Y.; Chas. Pfizer & 
Company, Brooklyn. 

8 Post-doctorate Research Fellow, National Institutes 
of Health, U. S. Public Health Service. 


of subsequent changes within the lesion can be ac- 
complished. Although the accuracy of the method 
is increased by having the roentgenograms inter- 
preted independently by several competent ob- 
servers, the interpretations frequently do not reflect 
the course of the disease as judged by other cri- 
teria (3). Such is not the case, however, when a 
lesion is available in which changes occurring after 
the introduction of a variable can be easily ob- 
served by more direct visualization. For these 
reasons, a special effort was made to include pa- 
tients with active laryngeal tuberculosis in this 
study. 


COMPOSITION OF CLINICAL SERIES AND METHODS OF 
STUDY 


Seven patients with far advanced pulmonary tuberculosis 
were selected for study. Four of the seven had active 
laryngeal tuberculosis with lesions of the larynx which 
could be readily visualized by indirect laryngoscopy. A 
fifth patient had tuberculous empyema on the right side 
and was considered to be in a terminal phase of her ill- 
ness. The strains of M. tuberculosis isolated in cultures 
of specimens of sputum from four of the seven patients 
were highly resistant to dihydrostreptomycin in vitro. 

The course of tuberculous illness in each patient was 
evaluated prior to hormone administration from the avail- 
able clinical, roentgenographic, bacteriologic and im- 
munologic data. Whenever possible, a preliminary ob- 
servation period of seven to ten days was undertaken. 
Each patient then received 100 mgm. of hormone intra- 
muscularly in four equally divided doses at six hour in- 
tervals for an initial ten day period. Four of the pa- 
tients received adrenocorticotropic hormone* and three 
received cortisone.* 

Throughout the study all patients were maintained at 
rest in bed. They received diets of their own selection and 
an estimate was made of actual caloric and protein intake. 
The pulse rate and rectal temperature were recorded at 
two hour intervals. In addition to customary bedside 


4 The adrenocorticotropic hormone used in this investi- 
gation was obtained through the courtesy of Dr. John 
Mote, Armour and Co., Chicago, Ill. The cortisone was 
obtained through the courtesy of Dr. James M. Carlisle, 
Merck and Co., Rahway, N. J. 
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Patient P. M., Ace 49 Yrs. 


In the upper portion of the chart are shown the daily range of temperature 
and the results of tests for cutaneous hypersensitivity to tuberculoprotein. 
Note the rapid defervescence following the start of ACTH administration, 
and the abrupt return of fever with wide fluctuations after stopping ACTH. 
The return of cutaneous hypersensitivity to tuberculoprotein coincides with 


the fall in fever while under treatment with dihydrostreptomycin. 


In the 


lower portion of the chart are shown the alterations in the values obtained 
for concentrations of serum gamma globulin and in the titer of hemaggluti- 


nating antibodies. - 


observations, indirect laryngoscopy was performed on 
each patient with laryngitis. Drawings were made of the 
laryngeal lesions as seen in the laryngeal mirror, at inter- 
vals determined by change in the appearance of the lesions. 
Serial chest roentgenograms, using a standardized tech- 
nique, were obtained at 72 hour intervals. 

Twenty-four hour aliquots of continuous sputum col- 
lections were measured for volume and the character of 
the specimen noted. The aliquots were then digested, 
centrifuged and direct smears were made of the concen- 
trate. Duplicate smears were stained with carbol fuch- 
sin by the Ziehl-Nielsen technique and with Sudan black 
B (4). Petragnani and oleic acid-albumin media were 
used for cultivation of the M. tuberculosis from the con- 
centrated specimens of sputum. The colonial morphology 
of the bacilli growing on oleic acid-albumin medium was 
examined for the characteristics known to be associated 
with various degrees of virulence (5). Organisms ob- 
tained from each patient at weekly intervals were grown 
in Tween 5-albumin medium and were tested for sen- 
Sitivity to dihydrostreptomycin. 

Observations on the cutaneous hypersensitivity to tu- 


5“Tween 80” is the trade name of the polyoxyethylene 
derivative of sorbitan monooleate, obtained from the At- 
las Powder Company, Wilmingtcr, Del. 


berculin were made using an amount of tuberculoprotein, 
standardized individually for each patient, sufficient to ob- 
tain an unequivocally positive reaction. An initial reac- 
tion of more than 10 mm. in diameter showing erythema 
and definite edema was obtained in five patients using 
0.00002 mgm. of Tuberculin, Purified Protein Derivative ¢ 
(First Test Strength). In one patient (P. M.), 0.005 
mgm. of Tuberculin, Purified Protein Derivative (Sec- 
ond Test Strength) was required to produce a reaction of 
this magnitude. The reactions were examined and the 
outlines traced on cellophane at 48 and 96 hours after in- 
tracutaneous injection of the forearm. 

Specimens of serum were obtained at frequent intervals 
from each patient for estimation of tuberculin hemaggluti- 
nating antibody titer as described by Middlebrook and 
Dubos (6) and the concentration of serum gamma globu- 
lin by the method of Kunkel (7). Bone marrow examina- 
tions with particular reference to the plasma cell count 
were done as described by Good and Campbell (8). Other 
laboratory examinations were made in each patient and 
gave results comparable to those reported in other studies 
with these compounds. 


6 The Tuberculin, Purified Protein Derivative used in 
this investigation was obtained from Parke, Davis and 
Co., Detroit, Mich. 
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RESULTS 


Course of illness: In five patients the onset of 
hormone administration marked the inception of 
a series of profound changes, the first of which 
were evident as early as six to eight hours after the 
initial dose. In all patients, a strikingly rapid 
disappearance of the signs and symptoms of acute 
illness occurred and persisted throughout the pe- 
riod of hormone administration. Following the 
cessation of hormone administration, however, a 
quick return to the previous state of illness was ob- 
served. 

In three of the four febrile patients deferves- 
cence was complete within six hours of the start 
of hormone administration (Figures 1-3). This 
process required 72 hours for completion in one 
patient (Figure 4). All patients remained es- 
sentially afebrile until the cessation of hormone 
administration. Defervescence was accompanied 
by a feeling of increased strength and desire for 
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physical activity. Appetite increased markedly 
with concurrent rise in the caloric and protein 
intake. 

In the four patients with laryngitis improvement 
in phonation and disappearance of dysphagia were 
evident by the end of the initial 48 hour period of 
hormone administration. Thereafter, a progres- 
sive increase in the volume of the voice and im- 
provement in its quality ensued. Discomfort from 
dyspnea and cough was markedly relieved al- 
though the volume of the sputum was not signifi- 
cantly decreased. All of the patients experienced 
some degree of a sense of well-being which in some 
amounted to euphoria. 

The cessation of hormone administration was 
followed by abrupt return of the signs and symp- 
toms of acute illness. The manifestations of acute 
illness immediately following the end of hormone 
administration were at least equal in severity to 
those present before hormone administration and 
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Fic. 2, Patient E. C., Ace 21 Yrs. 
Note the rapid defervescence and abrupt return of fever at the onset and 


end, respectively, of the initial course of ACTH administration. 


Following 


reinstitution of ACTH administration prompt defervescence occurred. Es- 
cape from the controlling effects of ACTH occurred later with return of 
fever and cutaneous hypersensitivity to tuberculoprotein despite the addition 


of cortisone. 


In the lower panel are shown the rises in serum gamma globu- 


lin values and in titer of tuberculin hemagglutinating antibodies following the 
initial course of administration of ACTH. Note the progressive decline of 
both serum gamma globulin values and hemagglutinin titer during prolonged 


ACTH administration. 
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in four patients (P. M., E. C., S. H., and T. B.), 
were more severe. Fever occurred within 18 
hours after the last dose of adrenocorticotropic 
hormone. Following the cessation of cortisone 
administration, however, fever occurred on the sec- 
ond and sixth day (Figures 4 and 5) or was not 
a prominent feature in the post-hormone course 
(Figure 6). 

The fever following the end of hormone adminis- 
tration was self-limited in two patients who were 
essentially afebrile prior to hormone administra- 
tion (Figures 5and7). In one patient (Figure 1) 
despite the institution of dihydrostreptomycin 
therapy soon after stopping adrenocorticotropic 
hormone, fever continued for four weeks. It may 
be noted here that in this patient, subsidence of 
fever coincided with the return of cutaneous hy- 
persensitivity to tuberculoprotein. Significant 
defervescence was not observed during dihydro- 
streptomycin administration in another patient 
(Figure 4). Subsequently, the strain of M. tuber- 
culosis isolated from cultures of the sputum of 
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this patient was found to be resistant in vitro to 
dihydrostreptomycin. 

Laryngeal lesions: Observations of the changes 
in the laryngeal lesion was made by daily indirect 
laryngoscopic examination in the four patients 
with tuberculous laryngitis. In all patients a simi- 
lar sequence of changes was observed. The 
changes noted in the laryngeal lesion of one pa- 
tient (P. M.) are depicted in Figure 8 and may be 
considered as characteristic of the changes ob- 
served in all patients studied. 

In this patient, initial examination of the left side 
of the larynx demonstrated ulceration with partial 
replacement by granulation tissue of the lateral 
portion of the arytenoid tubercle, aryepiglottic 
fold and true vocal cord, in addition to absence of 
one-half of the epiglottis. The entire right half of 
the larynx was edematous with marked inflamma- 
tion and both true vocal cords were irregular. 

Forty-eight hours after the beginning of hor- 
mone administration, edema and inflammation had 
subsided almost completely. In the ulcerated le- 
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Fic. 3. Patient S 


. H., Ace 36 Yrs. 


Rapid defervescence following the onset of the initial course of ACTH ad- 


ministration and abrupt return of fever 
tration are shown. 
again occurred rapidly. Death ensued 
tion without return of fever. In this 


at the end of this period of adminis- 


Upon reinstitution of ACTH administration, defervescence 


during prolonged ACTH administra- 
patient no significant alterations oc- 


curred in serum gamma globulin values or in titer of hemagglutinating anti- 


bodies following the initial ten day c 
ACTH administration. 


ourse of ACTH or upon prolonged 
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Fic. 4. Patient T. B., Ace 40 Yrs. 


Following the onset of cortisone administration, defervescence required 72 
hours for completion. Fever slowly recurred following cessation of cortisone 
administration and persisted despite dihydrostreptomycin therapy. Subse- 
quently the strain of M. tuberculosis isolated from culture of the sputum was 
found to be resistant to dihydrostreptomycin. Reversal of cutaneous hyper- 
sensitivity to tuberculoprotein was not observed in this patient. No signifi- 
cant alterations occurred in serum gamma globulin values or in titer of the 
tuberculin hemagglutinating antibodies. 


sions, a border of epithelium could be visualized 
progressing from the edges of the ulcerated area 
as the granulation tissue subsided. By the ninth 
day of hormone administration, the epidermization 
had covered approximately 85 per cent of the 
previously ulcerated area. 

Within 48 hours after completion of hormone ad- 
ministration, edema and inflammation had returned 
although no regression of epithelium was observed. 
Subsequently, no significant alterations in the ap- 
pearance of the laryngeal lesion attributable to 
hormone effect were observed. 

Complete healing with scarring occurred fol- 
lowing the institution of dihydrostreptomycin 
therapy in two patients whose sputum contained 
strains of M. tuberculosis found to be sensitive to 
the drug in vitro. 

Lung lesions: Serial roentgenograms, inter- 
preted independently by several observers, re- 
vealed definite changes in the appearance of the 
lung lesions. These changes formed a consistent 
pattern in five of the seven patients. A representa- 


tive example of the changes is shown in Figure 9 
portraying enlarged segments of chest roentgeno- 
grams from one of the patients (P. M.). 

In general, during the administration of adreno- 
corticotropic hormone the appearance of lung le- 
sions became more translucent with better deline- 
ation of the individual lesions. Within 48 hours 
after cessation of hormone administration definite 
increase in the density of the lesions was apparent. 
No patient in this series has been observed without 
additional therapeutic measures for a sufficient 
time beyond this point to evaluate the roentgeno- 
graphic changes which might result solely from 
hormone administration. 

Dihydrostreptomycin therapy was instituted in 
this patient (P. M.) and continued for 111 days. 
The increase in density reached a maximum in the 
fourth week, the lesions thereafter became more 
translucent. It is of interest that in this patient 
the onset of defervescence and the return of cu- 
taneous hypersensitivity to tuberculoprotein also 
occurred during the fourth week after the end of 
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Fic. 5. Patient J. M., Ace 51 Yrs. 


Fever occurred on the sixth day after cessation of cortisone administration 
and gradually subsided over a 48 hour period. Reversal of cutaneous hy- 


persensitivity to tuberculoprotein is illustrated in the upper panel. 


No sig- 


nificant alterations in serum gamma globulin values or in titer of tuberculin 
hemagglutinating antibodies occurred in this patient. 


hormone administration. Progressive decrease in 
the size and density of the roentgenographic ap- 
pearance of the lung lesions ensued, marked clear- 
ing being noted seven months after hormone ad- 
ministration (Figure 9). 

Resorption of a small purulent intrapleural exu- 
date was observed in one patient during the ad- 
ministration of adrenocorticotropic hormone. As 
this patient (S. H.) was in the terminal phase of 
her illness, prolonged observation after hormone 
administration was impossible. No well-defined 
changes in the roentgenographic appearance of the 
lung lesions occurred in two patients, one receiv- 
ing adrenocorticotropic hormone (A. R.) and the 
other cortisone (J. M.). 

Roentgenographic evidence of dissemination of 
the tuberculous process was not obtained in any 
patient. 

Skin hypersensitivity to tuberculoprotein: Re- 
peated observations on the skin hypersensitivity to 
tuberculoprotein were made. In each of the six 
patients tested an amount of tuberculin (Purified 
Protein Derivative) was used sufficient to elicit 
an unequivocally positive reaction prior to the ad- 


ministration of hormone. Reversal of cutaneous 
hypersensitivity to this individually standardized 
amount of tuberculoprotein was observed during 
hormone administration in three of the six patients 
tested. This reversal of a previously positive re- 
sponse was maintained for three to four weeks 
after the cessation of hormone administration in 
the two patients followed from this standpoint. In 
three patients (Figures 4, 6 and 7) negative reac- 
tions were not obtained. 

It is of considerable interest that despite the 
continued absence of cutaneous hypersensitivity to 
the test dose of tuberculoprotein the acute mani- 
festations of tuberculous illness reappeared fol- 
lowing cessation of hormone ailministration in the 
three patients in whom reversal of the tuberculin 
skin test was obtained. 

Serum gamma globulin and tuberculin hemag- 
glutinating antibodies: The substantially elevated 
serum gamma globulin values initially present in 
one patient (Figure 7) decreased toward the nor- 
mal range during and immediately following 
adrenocorticotropic hormone administration. Sub- 
sequently, the values rose, reaching the high level 
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present initially by the end of four weeks, and rose 
even further thereafter. Aside from this instance, 
significant variations in the serum gamma globu- 
lin values did not occur during the ten day period 
of hormone administration. Likewise, the titers 
of the tuberculin hemagglutinating antibody were 
not significantly changed during this period. 
Within three weeks after completion of hor- 
mone administration, however, three patients had 
significant increases both in the concentration of 
serum gamma globulin and in the titer of the tu- 
berculin hemagglutinating antibodies (Figures 1, 
2 and 6). The rises were sustained in one pa- 
tient (P. M.) in whom the values reached a maxi- 
mum between the 14th and 16th weeks and de- 
clined thereafter. Although significant increases 
in both serum components were noted in another 
patient (R. R.) immediately following cessation 
of cortisone administration, the evolution of the 
changes has been observed for only a short pe- 
riod of time. In the third patient (E. C.) rein- 
stitution of adrenocorticotropic hormone at the 


peak of the rise in serum gamma globulin and he- 
magglutinating antibody titer was followed by 
progressive decline toward the original values. 
Prolonged hormone administration: Two of the 
most critically ill patients (E. C. and S. H.) re- 
ceived additional adrenocorticotropic hormone to 
relieve the extreme prostration which accompanied 
the return of fever. The strains of M. tuberculosis 
recovered in cultures of the sputum of both were 
highly resistant to dihydrostreptomycin in vitro. 
Upon reinstitution of 100 mgm. per day of adreno- 
corticotropic hormone, the onset of defervescence 
was again rapid and complete and the signs and 
symptoms of acute illness disappeared promptly. 
In one of these patients (E. C.) an unsuccessful 
attempt was made to decrease the severity of the 
post-hormone manifestations of illness by gradual 
reduction of the amount of hormone administered 
over a four day period. Subsequently, reinstitu- 
tion of adrenocorticotropic hormone was necessary 


‘to alleviate the manifestations of acute illness. 


During the fourth consecutive week of hormone 





SEPT 





AUGUST 
U 


ae a et 2 ee eS a he ee Re 





es) 
» 
os|& 


% 
& % 8 


TEMPERATURE 
wo 
~o 


o 
eo 





ccm 


etn! at ap llf le 


POS. 





t [OF vioMycHy 














° 
en 


ow 


LOG KEMAGGLUTININ 











Flea il 


@eee® HEMAGGLUTININ TITER 
Cum) GAMMA GLOBULIN 


ne 








Fic. 6. Patient R. R., Ace 25 Yrs. 

Slight decrease in the daily temperature range during cortisone adminis- 
tration is shown in the upper panel. No post-hormone fever attributable to 
the cessation of cortisone administration occurred in this patient. Reversal 
of cutaneous hypersensitivity to tuberculoprotein was not observed. Sig- 
nificant increases in both serum gamma globulin values and in titer of hemag- 
glutinating antibodies immediately following cessation of cortisone adminis- 


tration are shown. 
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Fic. 7. Patient A. R., AGE 39 Yrs. 


Note the occurrence of fever immediately following cessation of ACTH 
administration in this patient who was essentially afebrile prior to hormone 


administration. 


Reversal of cutaneous hypersensitivity to tuberculoprotein 


was not observed. Decrease in serum gamma globulin values occurred during 
and immediately after cessation of ACTH administration, and subsequently 


rose to values higher than the initial level. 


administration, in the ninth week of study, hallu- 
cinations and delusions appeared abruptly. The 
following week fever recurred with gradual return 
of malaise, cough, and increasing prostration ; cu- 
taneous hypersensitivity to the test dose of tuber- 
culoprotein also reappeared (Figure 2). The pa- 
tient’s condition rapidly became worse, despite 
continuation of adrenocorticotropic hormone and 
the addition of 100 mgm. per day of cortisone. 
Gradual reduction and cessation of adrenocortico- 
tropic hormone administration failed to produce 
evidence of improvement. Cortisone administra- 
tion was maintained for four days without ap- 
parent change in the patient’s clinical condition and 
was discontinued in the fifth consecutive week 
of hormone administration. Thirty-six hours fol- 
lowing cessation of cortisone administration, this 
patient expired. 

Reinstitution of adrenocorticotropic hormone in 
another patient (Figure 3) was followed by a suc- 
cession of events similar to those described above, 
although less pronounced. Marked symptomatic 
improvement and defervescence were gradually 


supplanted by euphoria and general weakness. 
Death occurred on the 21st consecutive day of 
hormone administration in the fifth week of study 
without recurrence of prostration or fever. 

Post-mortem examination revealed no evidence 
of recent dissemination of the tuberculous process 
or significant alteration in the histopathology of 
the tuberculous process in either patient. The 
adrenal cortices of both patients were uniformly 
thickened and the glands were increased in weight. 
It is of interest that a small nodule of caseation 
necrosis was found at the surface of the right 
adrenal gland in one patient (S. H.). 

Subsequent course: Two of the patients (P. M. 
and J. M.) have shéwn steady, favorable progress 
following the institution of dihydrostreptomycin 
and para-amino-salicylic acid administration. 
Sputum concentrates and cultures no longer show 
the presence of M. tubercuolsis. Marked clearing 
in the chest roentgenogram of P. M. has occurred 
as previously noted. The activity of his tubercu- 
lous process being considered arrested, J. M. has 
been discharged from the hospital. 





ACTH 


One of the patients (A. R.) whose sputum con- 
tained a strain of M. tuberculosis found to be re- 
sistant to dihydrostreptomycin in vitro, has been 
observed for ten months while receiving pneumo- 
peritoneum therapy and bed rest. Her clinical 
status, though not conspicuously changed, has 
shown slight improvement. No significant alter- 
ation of her laryngeal lesion has been observed 
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Larynx after nine days of ACTH. 


c) P.M. 


Fic. 8. Patient P. M. 


AND CORTISONE 


CHANGES IN THE LARYNGEAI 
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since the changes noted immediately after cessa- 
tion of adrenocorticotropic hormone administra- 
tion. 

The two remaining patients (T. B. and R. R.) 
have not been observed for a sufficient period of 
time following the administration of cortisone to 
permit final evaluation of the influence of the 
No dele- 


hormone on the course of the infection. 


Larynx before ACTH. 


b) P. M. 


Larynx two days after cessation of ACTH. 


P. M. 
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~|(4)PM.-2weeks after ACTH 
| week of Dihydrostreptomycin 








(5)PM.-16 weeks after ACTH 
15 weeks of Dihydrostreptomycin 


(6)PM.- 24 weeks after ACTH 
Tweeks after Dihydrostreptomycin 











Fic. 9. Patient P.. M. CHANGES IN THE ROENTGENO- 


GRAPHIC APPEARANCE OF THE LUNG LESIONS 


(1) An enlarged segment of the initial chest roentgeno 
) Note 
3), (4) 


the appearance of the 


gram. (2 slight decrease in density of the lung 
in density in 


Marked 


lesions.  ( Note marked increase 


lung lesions. (5), (6) 


clearing of lung lesions after dihydrostreptomycin. 


terious effect of cortisone administration, however, 
has been noted during the four month period of 
observation. 
Tubercle bacilli: 
charged in the sputum of all patients without sig- 


Tubercle bacilli were dis- 


nificant fluctuations in number throughout the pe- 


riod of observation. Retention by the tubercle 
bacilli of initial staining properties with carbol 


fuchsin and Sudan black B and of initial in vitro 


sensitivity to dihydrostreptomycin was observed. 


Colonies oleic acid-albumin attained 


the morphologic characteristics attributed to viru- 


grown on 


lent organisms by Middlebrook, Dubos, and Pierce 


MOORE, AND W. MCDERMOTT 


(5) in all specimens examined. Therefore, no 
bacteriologic evidence of alteration in the tubercle 
bacilli isolated from sputum or 


empyema was 


obtained. 


COMMENT 


From the observations reported above, it ap- 
pears that abrupt and profound changes in the 
course of tuberculous illness may be brought about 
by the introduction of hormones which presumably 
affect only the host. 

During the period of administration of these 
hormones, rapid amelioration and subsequent dis- 
appearance of the constitutional manifestations of 
acute illness were witnessed. Complete deferves- 
cence was accompanied by a seemingly improved 
state wherein increase in strength, appetite, and 
desire for activity occurred. It is of particular 
interest to note that the onset of the seemingly im- 
proved state was equally evident in two patients 
(J. M. and A. R.) who were essentially afebrile 
prior to hormone administration. Improvement 
in phonation and disappearance of dysphagia was 
striking as was the. recession and subsequent quies- 
De- 


crease in density of the lung lesions seen on chest 


cent appearance of the laryngeal lesions. 
roentgenogram was noted in five patients. Re- 
versal of cutaneous hypersensitivity to an arbi- 
trarily selected amount of tuberculoprotein was ob- 
served in three of the six patients tested. 

The termination of the state of apparent im- 
provement following the withdrawal of hormone 
administration was equally evident. The signs and 
symptoms of acute illness which had been allevi- 
ated, reappeared abruptly, and were equal to or even 
more severe than those present before hormone ad- 
ministration. The return of edema and inflamma- 
tion in the laryngeal lesions also occurred promptly 
as did the increase in density of lung lesions seen 
on chest roentgenograms. The swift return of the 
marifestations of acute illness contrasted sharply 
with the relatively slow return of cutaneous hy- 
persensitivity to tuberculoprotein and rise in the 
titer of the tuberculin hemagglutinating antibodies 
observed several weeks after cessation of hormone 
administration. 

The abrupt disappearance of the manifestations 
of illness induced by adrenocorticotropic hormone 
and cortisone is of considerable interest in regard 


to the nature of the toxicity of tuberculosis. The 
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mechanisms by which this infection produces fever 
and other manifestations of illness are not com- 
pletely understood. It has been generally believed 
that the tissue damage and the clinical illness are, 
in large part, consequences of the interaction of 
previously sensitized tissue and the absorbed prod- 
ucts from tubercle bacilli (9a). In vitro studies 
have been demonstrated that cells of the hyper- 
sensitive body are damaged and killed by amounts 
of tuberculoprotein that are harmless to cells in the 
absence of hypersensitivity (9b). Whether the liv- 
ing tubercle bacillus exerts a primary toxic effect 
upon host tissue is not definitely established (10). 
Diminution in the manifestations of illness might 
be expected if, by alteration in the reactivity of 
host tissue, some degree of desensitization to the 
products of infection was obtained. Conversely, 
upon reappearance of the effects of hypersensiti- 
zation their return would not be surprising. 

From the observations reported here, it seems 
clear that reactivity of host tissues sufficient to 
cause severe symptoms of tuberculous illness may 
be present without the presence of a positive Man- 
toux test. Moreover, distinct symptomatic im- 
provement was observed after the start of hor- 
mone therapy in those patients whose Mantoux 
test remained positive. The inability to utilize 
clinical quantitation and subsequent correlation of 
local and systemic tissue hypersensitivity to tu- 
berculoprotein makes speculation on this aspect 
inadvisable. 

The sudden suppression of the clinical evidence 
of toxicity observed to occur at the start of hor- 
mone administration may be compared to the simi- 
lar state observed in patients with tuberculosis 
under treatment with streptomycin. Loss of so- 
called “toxemic” symptoms may occur in both situ- 
ations and although improvement following the 
initiation of streptomycin therapy may be observed 
as early as the third day of therapy, it has not been 
observed to be as rapid in onset nor does its speed 
approach that ot the changes occurring in the pa- 
tients reported above. Thus the same phenome- 
non, sudden suppression of the clinical evidences 
of toxicity, may be produced on the one hand, by 
actions exerted principally upon the parasite and 
on the other, by action exerted solely through the 
host. 

The course of the two patients who expired sug- 
gests that the changes effected by a fixed amount 


of adrenocorticotropic hormone are temporary and 
cannot be sustained, even with continued adminis- 
tration. Whether modification of the amount of 
hormone administered, alteration in the frequency 
of administration, or the combination with other 
agents will alter this situation is yet to be deter- 
mined. 
SUMMARY 


The effects of adrenocorticotropic hormone and 
cortisone on the course of tuberculous illness has 
been studied in seven patients with far advanced 
pulmonary tuberculosis. It was found that abrupt 
and profound changes in the course of the illness 
were brought about by administration of these 
hormones. These changes were in the nature of 
defervescence, improvements in the sense of well- 
being, increased strength, improvement in appetite, 
as well as decrease in the edema and in the amount 
of exudate in the local lesions of the larynx. In all 
patients the improved state was temporary and, 


‘as might be anticipated, could not be indefinitely 


maintained by further administration of the hor- 
mones. 

Observations were also made on the changes in 
cutaneous hypersensitivity to tuberculoprotein, 
in concentration of serum gamma globulin and in 
the titer of tuberculin hemagglutinating antibodies. 
Reversal of cutaneous hypersensitivity to an ar- 
bitrarily selected amount of tuberculoprotein dur- 
ing hormone administration was observed in three 
of the six patients tested. Within three weeks after 
completion of hormone administration significant 
increases both in concentration of serum gamma 
globulin and in the titer of tuberculin hemaggluti- 
nating antibodies were noted in three of the seven 
patients. 

Interpretation of these temporary alterations in 
the disease state in terms of ultimate effect in such 
a chronic infection must await further study. 
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The functional and anatomic changes of the 
kidney associated with increasing age have been 
demonstrated convincingly. The evaluation of re- 
nal function in aged persons has demonstrated a 
progressive decrease in the urea clearance (1), 
glomerular filtration rate, effective renal plasma 
flow, and renal tubular transfer maxima (2, 3). 
These decreases in function fit well with the ana- 
tomic studies which hold that the degree of renal 
arteriosclerosis present in the aging population is 
sufficient to account for the decrease in renal 
parenchyma on a basis of restricted blood supply 
(47). 

The anatomic studies also agree that the pre- 
dominant picture of arterial degeneration is that 
of intimal thickening (lumen attenuation and oc- 
clusion) in the larger arteries (interlobar and in- 
terlobular) with progressively less sclerosis in the 
vessels as the observations extend toward the 
glomerulus. Even in the age group beyond 80 
years, Bell notes that only about 20 per cent of the 
renal arterioles are involved in the sclerotic proc- 
ess, and this involvement is not severe (7). In 
his study of the relationship of age to renal atrophy 
in non-hypertensive individuals free from renal 
disease, Bell states, “Areas of atrophy are wedge- 
shaped and are caused by intimal atherosclerosis 
with occlusion of fairly large branches of the renal 
artery.” 

The present study is concerned with an evalu- 
ation of the functional status of the renal arteri- 
oles in an aging population free of hypertension 
and demonstrable renal disease. Since it is be- 
lieved that the increase in renal blood flow follow- 
ing the intravenous administration of a pyrogen is 
in large part mediated through a decrease in renal 
arteriolar tonus (8), we have employed a standard- 


1Present address: Department of Medicine, Peter 
Bent Brigham Hospital, Boston, Mass. 


ized pyrogen test to assay the capacity of the renal 
arterioles to dilate. 


METHODS 


Subjects. The 54 male subjects studied were divided 
into three age groups: young (Y), age range 20-49, mean 
age 36.6 years, N=20; middle (M), age range 50-69, 
mean age 58.8, N=20; and old (O), age range 70-84, 
mean age 76.9 years, N=14. The broad 30-year age 
span of the young group was so selected because the down- 
ward age trend in renal function is not significant until 
after the age of 50 (2). That this fiinding applied 
well to the present group is indicated by the similarity 
of the mean resting effective renal plasma flows for two 
subgroups: age 20-34, 609 cc./min./1.73 m.?; age 35-49, 
599 cc./min./1.73 m2? 

The subjects were patients on the acute and chronic 
wards and residents of the Infirmary (Home for the 
Aged) of the Baltimore City Hospitals. All patients 
studied were ambulatory. 

Except as noted, subjects were selected who met the 
following criteria: a) absence of history of physical evi- 
dence of renal disease, hypertension, or congestive heart 
failure, b) urinalyses (two or more) negative for pro- 
tein by the heat and acetic acid coagulation test and for 
significant microscopic abnormalities, c) blood hemo- 
globin greater than 12 grams per cent, d) absence of 
electrocardiographic evidence of arrhythmia or A-V con- 
duction defect, e¢) blood urea nitrogen within the limits 
for the different age groups as reported by Lewis and Al- 
ving (1), and f) basal diastolic blood pressure below 90 
mm. Hg. No limits were placed on the systolic blood 
pressure, which ranged from 100 to 181 mm. Hg. In the 
old group, three of the subjects, though normotensive at 
the time of testing, showed cardiac enlargement and pre- 
vious hypertensive blood pressure readings. Also in the 
old group an additional two subjects showed signs of con- 
gestive failure. However, the mean baseline renal func- 
tion values and the mean renal hemodynamic response for 
these individuals were the same as the mean for the other 
nine subjects in this group. 

Additional clinical examinations were made which were 
not used for exclusion of subjects. Heart size was esti- 
mated by x-ray; seven subjects were included who showed 
cardiac enlargement (cardiac transverse diameter 10-20 
per cent in six cases and 32 per cent in one case above 
normal for their height and weight). Electrocardio- 
graphic abnormalities suggestive of myocardial disease 
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were noted in 11 subjects, eight of whom were in the old 
group. Palpable thickening and diminished pulsation of 
the brachial, radial, dorsal pedal, and posterior tibial ar- 
teries were noted. Retinal arteriosclerosis was graded by 
an ophthalmologist. 

Test procedure. Subjects were studied in the post- 
absorptive state beginning at 8 am. Aminopyrine (0.6 
gram) was given by mouth at four-hour intervals from 
4 p.m. on the day preceding the test until 8 p.m. on the 
day of the test. Using the renal clearance technique of 
Goldring and Chasis (9) eleven 20-minute urine collection 
periods were carried out starting immediately after the 
intravenous administration of 50,000,000 killed typhoid 
organisms (0.05 cc. TAB vaccine). Blood samples were 
obtained through an indwelling femoral artery needle. 

The sphygmomanometric blood pressure and the pulse 
rate by one-minute radial artery counts were determined 
at the fifth and 15th minute of each period. The average 
of the two determinations was recorded as the value for 
the period. Oral temperature was determined hourly dur- 
ing and for six to eight hours after the test. 

Chemical methods. Inulin was determined in blood and 
urine by the method of Harrison (10). PAH was deter- 
mined in blood and urine by the method of Bratton and 
Marshall (11) as modified by Smith and associates (12). 
Blood urea nitrogen was analyzed by the method of Van 
Slyke (13). Total serum proteins were determined by 
the micro-Kjeldahl mechod (14) on 12 of 20 Y group sub- 
jects, 15 of 20 M group subjects, and 11 of 14 O group 
subjects. Hematocrits were determined by the Wintrobe 
method on the control blood samples drawn from each 
subject. 

Analysis of data. Clearances of inulin-and-PAH were 
corrected to 1.73 m2? of body surface. Renal afferent and 
efferent hydraulic resistances were calculated according 
to the formulae of Lamport (15) and were expressed as 
10° mm. Hg (min./cc.) (body surface m.?7/1.73 m.?). 

Mean blood pressure was taken as equal to the diastolic 
pressure plus one-half the pulse pressure. The mean 
serum protein values for the appropriate age group were 
used for the calculation of resistances in a few subjects 
where individual serum protein values were not avail- 
able and an albumin globulin ratio of 2.2 was assumed for 
all subjects. 

For each hemodynamic measure mean curves of the 
pyrogen reaction were constructed for each of the three 
age groups. In addition, to evaluate the significance of 
differences between age groups, individual response in- 
dices were computed as the difference between the base- 
line (average of the first two periods) and the peak re- 
sponse (average of the two consecutive periods which 
gave a maximum or minimum for the particular measure- 
ment). For the analysis of blood pressure responses, the 
average of periods X and XI was used instead of the in- 
dividual maximum responses, because of qualitative dif- 
ferences in the blood pressure responses of the three age 
groups. The mean differences between age groups in 
the baseline values and response indices were evaluated 
for significance by the t test. Only t scores at the 1 per 
cent level of probability are reported as significant. 
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The rate of increase in Cram was estimated as the slope 
of a straight line drawn by inspection through the points 
which included the period of rising Cran. The value for 
the individual was based on the average of slopes de- 
termined independently by two of the authors. The cor- 
relation between the two determinations was + 0.98. 


RESULTS 


Glomerular filtration rate (Cjy). The mean 
baseline values for the Cyy in the Y, M, and O 
groups were 110.4, 88.9, and 62.4 cc./min., re- 
spectively (Table I). The course of the mean Cry 
was similar through the reaction in all three age 
groups in that there was neither a significant in- 
crease nor decrease present (Figure 1). Subjects 
occasionally showed a rise or fall in Cyy which 
bore no relationship to the degree of their increase 
in Cpan. 

Effective renal plasma flow (Cpan). The mean 
baseline values for the Y, M, and O groups were 
603, 449, and 277 cc./min., respectively (Table I). 
Baseline Cpan was unrelated to the presence or 
absence of any of the observed clinical character- 
istics. Thus, the mean baseline Cpay for sub- 
jects with retinal arteriosclerosis was not signifi- 
cantly different from the mean for those in the same 
age group with no retinal arteriosclerosis. The 
same was true for subjects with and without 
peripheral arteriosclerosis, elevation of systolic 
blood pressure, electrocardiographic abnormalities, 
or any combination of the observed clinical char- 
acteristics. 

The group response curves are shown in Fig- 
ure 1 for the three age groups. In this figure the 
simultaneity of time of onset, and the rate of Cpan 
increase are shown. The mean absolute increases 
in the clearance of PAH for the Y, M, and O 
groups were 416, 368, and 240 cc./min., respec- 
tively. Expressed as per cent of baseline value, 
the rise in Cpan for the Y, M, and O groups was 
71, 86, and 91 per cent, respectively (Table I). 

In a ‘urther attempt to characterize the increase 
in Cpan of the different age groups, a slope for 
the rate of reaction of each individual was obtained 
as an expression of rate of response per unit of 
time. The values obtained for the Y, M, and O 
groups were 5.9, 4.7, and 3.4 cc./min., respectively 
(Table I). Expressed as per cent of the baseline 
value, the rise in Cpan was 1.02, 1.10, and 1.35 per 
cent for the Y, M, and O groups, respectively. 
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TABLE I 
Age differences in the average hemodynamic responses to pyrogen 








Age groups Significance of differences* 





Measurement 


M oO 2 s 
50-69 yrs. 70-85 yrs. M-O Y-o 





Cran (cc./1.73 m.2/min.) 
aseline 
Maximum 
A 


Per cent increase 
Cran rise/min. 
Cin (ce./1.73 m.2/min.) 
Baseline 
FF (Crn/Cpan) 
Baseline 
Minimum 


A 

Pulse rate (beats/min.) 
Baseline 
Maximum 


4 

Systolic blood pressure (mm. Hg) 
Baseline 
Periods X and XI 


A 

Diastolic blood pressure (mm. Hg) 
Baseline 
Periods X and XI 


A 

Pulse pressure (mm. Hg) 
Baseline 
Periods X and XI 


4 
R, (10 mm. Hg) (min./cc.) (body surface 
m.?/1.73 m.*) 
Baseline 
Minimum 


A 
R, (108 mm. Hg) (min./cc.) (body surface 
m.?/1.73 m.?) 


Baseline 
Minimum 
A 








449 277 
817 517 
368 240 
86 91 
4.7 3.4 
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88.9 62.4 

.206 232 
123 122 
083 -110 


65 60 
80 76 
15 16 
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110 121 
14 15 


77 75 
63 64 
14 11 


47 
47 
0 

















PS = Probably Significant 


*S = Significant 
01) (P = .05 to .01) 


> 
(ge 
The differences in per cent increments for the three 
age groups were not statistically significant. 

Thirteen subjects exhibited temperature rises 
of 1° to 3° F., and two subjects developed shaking 
chills of 20 minutes duration. In none of these 
subjects was there a significant departure of the 
hemodynamic response from that of the rest of 
the group. 

Filtration fraction (FF). The mean baseline 
FF values for the Y, M, and O age groups were 
0.189, 0.206, and 0.232, respectively (Table I). 
The absolute fall in FF was greater in the O group 
(0.110) than in the M (0.083) and Y groups 
(0.074). At the height of the reaction the differ- 
ences observed in the baseline values between age 
groups had disappeared (Figure 1 and Table I). 


NS = Not Significant 
(P > .05) 


Pulse rate. The mean baseline pulse rates in 
the Y, M, and O groups were 67, 65, and 60, re- 
spectively (Table I). The time of onset and the 
absolute magnitude of pulse rate acceleration were 
the same for the three age groups (Figure 2 and 
Table I). 

Blood pressures. The mean baseline systolic 
values for the Y, M, and O groups were 116, 124, 
and 136 mm. Hg, respectively (Table I). The 
M and O groups showed a fall in pressure while 
the Y group remained constant throughout the re- 
action (Figure 2). In periods X and XI the 
residual differences between the age groups are 
not significant. 

The mean baseline diastolic pressures were ap- 
proximately the same (75-77 mm. Hg) for the 
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MINUTES 


CHANGES IN Cry, Cran, AND FF purINnG PyRoGEN 
REACTION 


Fic. 1. 


Fifty million killed typhoid organisms were injected 
intravenously at 0 time. 
O Mean value for 14 subjects in O group 

(70-85 yrs.) 

A—-—A Mean value for 20 subjects in M group 
(50-69 yrs.) 

@———-® Mean value for 20 subjects in Y group 
(20-49 yrs.) Se 


different age groups. This is in part due to the 
setting of an upper limit of diastolic pressure by 
the criteria of subject selection. The average fall 
in diastolic pressure (Figure 2) was the same for 
all age groups. 

A rise in pulse pressure occurred in the Y group 
(Figure 2 and Table I) as a result of an unchanged 
systolic pressure and a drop in diastolic pressure. 
The M group showed a commensurate fall in sys- 
tolic and diastolic pressures with a resultant stable 
pulse pressure. The O group manifested a fall 
in pulse pressure due to a greater fall in systolic 
than in diastolic pressure. There was no demon- 
strable relationship between the magnitude of 
pulse rate or pulse pressure change, or their prod- 
uct, and the magnitude of the Cpan response for 
the individuals in any age group. 

Serum protein and hematocrit. Significant dif- 
ferences in serum protein values were observed 
among the three age groups. For serum protein 
the average values were 7.00, 6.50, and 6.10 g./100 
cc. for the Y, M, and O groups, respectively. 
The average hematocrit values for the M and O 


groups were significantly lower than that for the 
Y group (Y = 0.44; M = 0.39; 0 = 0.39). 
Renal afferent resistance (Ra). The mean 
baseline values for R, were 6.7, 15.5, and 31.5 10* 
mm. Hg (min./cc.) (body surface m.?/1.73 m.’), 
in the Y, M, and O groups, respectively (Table I). 
The fall in R, occurred in all three groups (Figure 
3) and was for the O group 17.9, for the M group 
9.8, and for the Y group 3.1 10° mm. Hg (min./cc.) 
(body surface m.?/1.73 m.?). Because of the 
mathematical relationships of the formula used to 
calculate R,, the fall in these values was deter- 
mined largely by the changes in mean pressure. 
Renal efferent resistance (R.). The mean 
baseline R, values were higher in the O group than 
in the M and Y groups; the values were 13.7, 8.2, 
and 4.5 10° mm. Hg (min./cc.) (body surface m.?/ 
1.73 m.*) respectively (Table I). At the height of 
the pyrogen reaction, the divergence in values was 
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less (Figure 3) ; although, the R, value for the O 
group remained significantly higher than that of 
the Y and M groups. 


DISCUSSION 


The decrease in the baseline Cyy and Cpaq in 
the older age groups confirms results previously 
reported from this laboratory (2) and are con- 
sistent with the qualitative (4, 6, 7), semi-quanti- 
tative (5), and quantitative (16) anatomic de- 
scriptions of the senile kidney. The progressively 
smaller absolute changes in renal plasma flow 
(Cpan) in the older subjects following pyrogen 
are also consistent with a progressive decrease in 
the renal parenchyma of the aged. On the other 
hand, the time of onset of the response, and the 
percentage increase in renal plasma flow were simi- 
lar in the different age groups. Consequently, it 
must be concluded that the responsiveness to pyro- 
gen of the vascular elements remaining in the aged 
kidney is not qualitatively different from that of 
the young kidney. 
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Since direct evidence of structural changes in 
the renal vessels could not be obtained, indirect 
evidence was sought in clinical estimates of the 
degree of retinal, peripheral, and central arterio- 
sclerosis present in the subjects tested. It is of 
interest that no correlation was found between 
the estimates of the degree of arteriosclerosis in 
these regions and the decrement in renal function 
within a given age group. 

The results of this study also confirm the previ- 
ously reported increase in FF with age (2). Since 
there is no reduction in the tubular extraction of 
PAH in the aged kidney (17), a reasonable ex- 
planation of the increased FF found in the O group 
is an increase in the efferent arteriolar resistance. 
The decrease in Cyy and Cpan with age may be 
explained on the basis of a decrease in the number 
of functioning nephrons, but the observed in- 
crease in FF cannot be accounted for simply on 
this basis. Some change in the renal vessels be- 
yond the point of glomerular filtration equilibrium 
must be postulated to account for this phenome- 
non. Such alteration might be present in the ef- 
ferent arterioles either as structural changes, such 
as sclerosis, or increased vasoconstriction, or both. 
The fact that the FF approaches the same level in 
all age groups following pyrogen administration 
indicates that the differences are not entirely struc- 
tural in nature and that the pyrogen has eliminated 
the inequalities of a physiologic mechanism which 
maintained the resting efferent arteriolar tonus 
at a higher level in the O than the Y group. 

The calculations of renal resistances indicate an 
increase in both R, and R, in the resting state with 
age. During the response to pyrogen, both values 
diminish in subjects of all ages, so that at the height 
of the response the age differences are reduced but 
not entirely eliminated. The fall in R, is striking 
in “he old group as compared to that in the young. 
The absolute and per cent decrement observed in 
R, indicates a greater degree of reversible resist- 
ance of the efferent renal arterioles in the old than 
in the young subjects. From the relationships be- 
tween pressure and flow the presence of an initially 
increased R, and the ability of the efferent ar- 
terioles of the aged kidney to dilate may be inferred. 


SUMMARY 


1. The renal hemodynamic response to a stand- 
ard dosage of pyrogen was measured in 54 sub- 
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jects divided into three age groups: 20-49 years, 
50-69 years, and 70-85 years. 

2. The baseline Cyy declined progressively with 
advancing age. No significant change in Cyy oc- 
curred during the course of the pyrogen reaction 
in any age group. 

3. The mean baseline Cpan declined progres- 
sively with advancing age. During the pyrogen re- 
action, the proportionate increase in Cpay for all 
age groups was approximately the same. 

4. Although the baseline FF for the O group 
was significantly higher than the Y group, the 
minimum FF reached in all three groups was es- 
sentially the same. 

5. The systolic blood pressure was lowest in 
the Y group, and did not change throughout the 
reaction. The systolic pressure fell significantly 
in the M and O groups during the reaction. 

6. The diastolic blood pressure started at the 
same level and fell to the same degree during the 
reaction in all groups. 

7. The baseline R, was higher, and the fall in 
R, during the reaction was greater in the older 
age groups than in the young group. 

8. The efferent resistance (R,) was significantly 


higher in each older group than in the Y group 
and in general paralleled the changes in FF fol- 


lowing the administration of pyrogen. However, 
the minimum R, attained by the O group remained 
significantly higher than the minimum R, attained 
by the Y group. 

CONCLUSION 


It has been demonstrated that the administra- 
tion of pyrogen is followed by a uniform percent- 
age increase in renal blood flow in all age groups. 
Since filtration fraction fell to similar values in 
all age groups it is inferred that the renal arterioles 
are capable of dilating in the aged kidney. It is 
therefore concluded that the reduced renal blood 
flow observed in the aged is in part reversible and 
therefore not the result of structural changes in 
the renal vessels alone. 


ACKNOWLEDGMENTS 


We are indebted to Dr. John Bechtold for assistance 
in providing patients for this study; to Dr. R. W. Haines 
for making ophthalmological examination of the patients ; 
and to Dr. Milton Landowne for suggestions in the analy- 
sis and interpretation of the results. Assistance in the 
chemical analyses was provided by Mrs. Elsie Beard, 
Miss Margaret McCollum, Mr. Charles Punte, Mr. Robert 


ROGER K. MCDONALD, DAVID H. SOLOMON, AND NATHAN W. SHOCK 


Faid, Mrs. Eleanor Roach, Mr. Irving Jones, Mr. Arthur 
Dinan, Mr. Millard Starnes, and Mr. Gilbert Bellistri. 


REFERENCES 


. Lewis, W. H., Jr., and Alving, A. S., Changes with 
age in the renal function in adult men; clearance 
of urea; amount of urea nitrogen in the blood; 
concentrating ability of the kidneys. Am. J. Phys- 
iol., 1938, 123, 500. 

. Davies, D. F., and Shock, N. W., Age changes in glo- 
merular filtration rate, effective renal plasma flow, 
and tubular excretory capacity in adult males. J. 
Clin. Invest., 1950, 29, 496. 

. Miller, J. H., McDonald, R. K., and Shock, N. W., 
Age changes in the maximum tubular reabsorption 
of glucose. (To be published.) 

. Mortitz, A. R., and Oldt, M. R., Arteriolar sclerosis 
in hypertensive and non-hypertensive individuals. 
Am. J. Path., 1937, 13, 679. 

. Williams, R. H., and Harrison, T. R., A study of 
the renal arteries in relation to age and to hyper- 
tension. Am. Heart J., 1937, 14, 645. 

. Oliver, J. R., in Problems of Ageing, E. V. Cowdry, 
Editor. Williams & Wilkins Co., Baltimore, 1942, 
2nd Edition, p. 302. 

. Bell, E. T., Renal Disease. 
phia, 1946, p. 312. 

. Chasis, H., Ranges, H. A., Goldring, W., and Smith, 
H. W., The control of renal blood flow and glo- 
merular filtration in normal man. J. Clin. Invest., 
1938, 17, 683. 

. Goldring, W., and Chasis, H., Hypertension and Hy- 
pertensive Disease. The Commonwealth Fund, 
New York, 1944, p. 195. 

. Harrison, H. E., A modification of the diphenylamine 
method for determination of inulin. Proc. Soc. 
Exper. Biol. & Med., 1942, 49, 111. 

. Bratton, A. C., and Marshall, E. K., Jr, A new 
coupling component for sulfanilamide determina- 
tion. J. Biol. Chem., 1939, 128, 537. 

. Smith, H. W., Finkelstein, N., Aliminosa, L., Craw- 
ford, B., and Graber, M., The renal clearances of 
substituted hippuric acid derivatives and other aro- 
matic acids in dog and man. J. Clin. Invest., 1945, 
24, 388. 

. Van Slyke, D. D., Determination of urea by gasometric 
measurement of the carbon dioxide formed by the ac- 
tion of urease. J. Biol. Chem., 1927, 73, 695. 

. Peters, J. P., and Van Slyke, D. D., Quantitative 
Clinical Chemistry. Volume II, Methods. Wil- 
liams & Wilkins Co., Baltimore, 1932, p. 691. 

. Lamport, H., Improvements in calculation of renal 
resistance to blood flow. Charts for osmotic pres- 
sure and viscosity of blood. J. Clin. Invest., 1943, 
22, 461. 

. Moore, R. A., The total number of glomeruli in the 
normal human kidney. Anat. Rec., 1931, 48, 153. 

. Miller, J. H., McDonald, R. K., and Shock, N. W., 
Renal extraction of para-aminohippurate in the 
aged individual. J. Gerontol., in press. 


Lea & Febiger, Philadel- 
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ING CHOLINE ADMINISTRATION IN NORMALS AND 
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Choline has been recommended for the treatment 
of hepatic diseases, especially those of nutritional 
origin, and for the prevention of arteriosclerosis. 
Little is known of its fate after oral or intravenous 
administration. A recent Spanish report (1) that 
patients with liver diseases and dogs with experi- 
mental hepatic damage excrete in the urine con- 
siderably more than normal of a substance pre- 
cipitated by Reinecke salt (and considered as cho- 
line by the authors) after large doses of choline 
given orally, suggested that the utilization of cho- 
line might be altered in hepatobiliary disease. In 
addition, studies with radiophosphorous (2) in- 
dicate a reduced rate of phospholipid formation in 
the presence of hepatocellular damage and an in- 
creased rate in biliary obstruction, suggesting that 
less choline might appear in the urine than normal 
in obstructive jaundice and more than normal in 
liver cell damage. 

To test these hypotheses and to investigate the 
fate of choline after its oral administration 1) the 
identity of the reineckate precipitated from the 
urine was determined, and 2) the influence upon 
its excretion of physiologic conditions as well as 
hepatobiliary diseases was studied. 


MATERIAL 


Four normal subjects and 22 patients with various 
hepatobiliary disedses were given on separate octasions 
single doses of choline bicarbonate * equivalent to 2-8 
grams of choline base (230-920 mg. choline N). Their 
diets were not controlled. Urine samples, collected at 
various intervals, were preserved with 25 ml. of con- 
centrated hydrochloric acid (diluted with equal parts of 
water) per liter of urine. 


1 Supported by a grant from the Dr. Jerome D. Solomon 
Memorial Research Foundation. 

2 Solomon Foundation Fellow. 

3 We wish to thank Commercial Solvents Corporation 
for the generous supply of choline bicarbonate syrup. 


EXPERIMENTAL 


Chemical identification of the reineckate obtained 
from urines after choline administration and 
procedures applied for quantitative de- 
termination of the metabolites in the 
urine 


Reagents used: 


1) Three per cent solution of Reinecke salt, freshly 
prepared and filtered. 

2) Aqueous saturated solution of sodium hydroxide. 

3) Aqueous saturated solution of potassium carbonate. 

4) Folin and Ciocalteu reagent (3), diluted with three 
volumes of water before use. 

5) Ten per cent aqueous solution of anhydrous sodium 
carbonate. 

6) Choline reineckate: to 40 ml. of 1 per cent choline 
chloride 20 ml. of the Reinecke salt solution are added. 
After centrifugation the precipitate is washed three 
times with 20 ml. portions of water. The crystals 
are then dried at 37° C. and stored. Immediately be- 
fore use a saturated solution is freshly prepared by 
adding some of the choline reineckate to 0.1 normal 
sodium hydroxide, shaking and filtering. 

Acetone, Norit A, Devarda’s alloy, octyl alcohol, 
concentrated and 0.5 normal hydrochloric acid, nor- 
mal and 0.1 normal sodium hydroxide. 


The alkali-insoluble reineckate: The reineckate pre- 
cipitated at a pH of 6.5 from urines after administration 
of choline (following the method of the Spanish authors 
[1]), was almost completely soluble in 0.1 normal sodium 
hydroxide. Since choline reineckate was found to be 
hardly soluble in this solution, the great bulk of the pre- 
cipitate was not choline reineckate. On nitrogen basis, 
only 0.7 mg. of choline reineckate is soluble in 100 ml. of 
0.1 normal sodium hydroxide while 113 mg. of urinary 
acid-precipitable reineckate are soluble in this solution. 
To determine the traces of alkali-precipitable reineckate 
(choline) the following procedure was used, adapted from 
the method of Glick (4). 

Determination of choline: Saturated sodium hydroxide 
is added to 70 ml. of urine until a blue color to thy- 
molphthalein appears. The precipitate is removed by fil- 
tration and to an aliquot, representing 50 ml. of urine, 25 
ml. of Reinecke salt solution are added. The Reinecke pre- 
cipitate formed in four hours in the refrigerator is spun 
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TABLE I 


Recovery of choline added to urine with the method used 








Per cent 
choline N 
recovered 


Mg. choline ie. choline 
N added to N found per 
100 ml. 100 ml. 


0.240 96 
0.710 93 
1.280 102 


0.220 88 
0.740 98 
1.360 107 


Diagnosis 





0.250 
0.750 
1.250 


Normal 


0.250 
0.750 
1.250 


Hepatitis 














down. It is washed with the saturated solution of cho- 
line reineckate in order to remove any co-precipitated non- 
choline reineckate. The final residue is dissolved in ace- 
tone containing 1 per cent glacial acetic acid. The solu- 
tion is filtered if necessary and made to a noted volume. 
The transmittancy is read in a spectrophotometer or 
colorimeter at a wave length of 520 mu. A standard curve 
is made with choline chloride using the same procedure. 
The results are calculated in mg. of choline N per ml. of 
the acetone reineckate solution. Choline added to urines 
from normal or hepatitis patients was recovered quanti- 
tatively (Table I). The amount demonstrated by this 
method represented in the studied cases 0.22 to 4.40 per 
cent of the total reineckate in the 24-hour urine and 0.27 
to 1.04 per cent of the total amount of the choline N 
ingested. 

The alkali-soluble reineckate: To demonstrate whether 
the alkali-soluble reineckate represents one_of the rec- 
ognized metabolites of choline such as betaine, dimethyl- 
amine or trimethylamine or its oxide, the reineckate pre- 
cipitated from 10 ml. of acidified urine from normals and 
from patients suffering from hepatic diseases after ad- 
ministration of choline was dissolved in 20 ml. of 50 per 
cent aqueous acetone. Then 5 ml. of aqueous saturated 
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silver sulfate solution were added (5) to remove the 
Reinecke ion. In the filtrate, the excess silver was re- 
moved with 5 ml. of normal hydrochloric acid and the 
water clear filtrate was evaporated under partial vacuum 
and under nitrogen at 30° C. The residue was dissolved 
in 10 ml. of methyl alcohol, filtered and evaporated as 
above. The final residue was dissolved in 20 ml. of wa- 
ter. An aliquot (10 ml.) was alkalinized with potassium 
carbonate and aerated for two hours at room temperature 
in the apparatus described by Sobel and associates (6) 
into 5 ml. of 0.5 normal hydrochloric acid. To this, 3 ml. 
of Reinecke salt solution were added and the crystalline 
precipitate obtained showed the microscopic appearance 
and melting point (275° C.) characteristic of trimethyl- 
amine reineckate. Mixing of the crystalline precipitate 
with trimethylamine reineckate did not alter the melting 
point. The meiting point of the picrate was 216° C., 
identical with that of trimethylamine picrate and was also 
not altered by mixing with trimethylamine picrate. 

To investigate whether trimethylamine oxide (TMAO) 
was also present in addition to trimethylamine (TMA) 
(the former not being aerated under the experimental con- 
ditions used), another aliquot of 10 ml. was acidified with 
hydrochloric acid to normality. It was then reduced with 
0.5 gram of Devarda’s alloy and placed in a water bath 
at 90° to 95° C. for 40 minutes. After centrifugation the 
supernatant was transferred to the aerating apparatus and 
enough saturated sodium hydroxide was added to re- 
dissolve the precipitate formed and then 3 ml. of sat rated 
potassium carbonate were added. The mixture was aer- 
ated as before. In four experiments (two normal sub- 
jects and two patients with cirrhosis), the TMAO ac- 
counted for 90 to 97 per cent of the total reineckate, 
TMA for 5 to 10 per cent and choline for 0.56 to 0.77 per 
cent. 

Determination of total trimethylamines (TTMA) with 
Reinecke salt: To 50 ml. of acid urine about 2 grams of 
Norit A are added and the mixture shaken and allowed 
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Fic. 2. Urinary Excretion oF TRIMETHYLAMINES BY 
NorMAL PERSONS AFTER ORAL ADMINISTRATION OF VARI- 


ous AMOUNTS OF CHOLINE 


The percentage refers to the amount of trimethylamine 
N in relation to choline N administered. Each type of 
line refers to the same experimental subject. 


to stand for at least 30 minutes. In some concentrated 
urines it is necessary to dilute the Norit filtrate. To 5 
or 10 ml. of the filtrate, half a volume of the Reinecke salt 
solution is added. The crystalline precipitate obtained 
after standing at 10° C. for one hour is collected onto a 
fine sintered glass filter using vacuum and washed with 
saturated aqueous solution of “urine acid-precipitable re- 
ineckate,” prepared from the same urine. The error pro- 
duced by using a saturated solution of the reineckate does 
not exceed 20 micrograms and is, therefore, negligible. 
The crystals are then dissolved in acetone. The color 
is read in the spectrophotometer as in the determination 
of choline. The extinction co-efficient of the Reinecke salt 
of TMAO (prepared according to Dunstand and Goulding 
{7]), was found to be the same as that of choline, betaine 
and TMA chlorides when expressed as nitrogen. The 
very small amount of choline determined with TTMA 
can be ignored. The presence of betaine or other quater- 
nary ammonium bases was excluded because the reinec- 
kate precipitable material was shown to be quantitatively 
removed by reduction and aeration. 

Use of Folin-Ciocalteu reagent: The quantitative re- 
lation between TMA and TMAO was investigated by de- 
termining with the Folin-Ciocalteu reagent the TMA in 
the aerates from alkalinized urines with and without pre- 
vious reduction. This reagent, otherwise used for the de- 
termination of phenols, gives a blue color with TMA (8) 


but not with ammonium, mono- or dimethylamine salts. 
Since the phenols of the urine are not aerated under the 
experimental conditions, the color reaction can be con- 
sidered specific for TMA. This offers an alternative and 
simple method for the determination of TTMA even if 
present in small amounts. This method which has been 
used in this study for the determination in the stool cul- 
tures has subsequently been proven applicable for urine 
specimens. 

Method for determination of trimethylamines with the 
Folin-Ciocalteu reagent: For determination of TMA, 10 
ml. of urine are neutralized with saturated sodium hy- 
droxide, followed by addition of 3 ml. of saturated potas- 
sium carbonate and 4 or 5 drops of octyl alcohol. The 
mixture is aerated and the TMA is collected as described 
before. An aliquot is neutralized with normal sodium 
hydroxide and made to 5 ml. with water; 2 ml. of Folin- 
Ciocalteu reagent and 3 ml. of the sodium carbonate solu- 
tions are added. After 15 minutes the developed color is 
read in a spectrophotometer at 620 mz. A standard curve 
is made with pure, dried TMA hydrochloride. For de- 
termination of TTMA, 10 ml. of urine are mixed with 
enough concentrated hydrochloric acid to make it normal. 
The sample is treated with Devarda’s alloy as previously 
described, to reduce TMAO to TMA (9). After cooling, 
saturated sodium hydroxide solution is added until the pre- 
cipitate formed re-dissolves. Now 3 ml. of saturated po- 
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TABLE II 


Urinary excretion of choline and trimethylamines in normal 
individuals within 24 hours after administration 
of 2 grams choline base 








Choline Total trimethylamines 





Per cent 
excreted 
in first 
12 hours 


67.5 
70.2 
77.0 
65.5 


Per cent Per cent 
of choline of choline 
N fed N fe 


(Choline/ 
TMA) 
x<100 


Mg. N 


1.20 
0.80 
0.90 
0.75 





0.53 
0.35 
0.39 
0.33 




















tassium carbonate are added and the sample is aerated as 
before. The aerate is conveniently diluted and treated 
with the Folin-Ciocalteu reagent. TMAO is calculated 
from the difference between the values before and after 
reduction. Choline and betaine are not converted into 
TMA and, therefore, fail to give the reaction. 

The principles of the procedures applied are illus- 
trated in Figure 1. 


Variations of urinary choline and TTMA excretion 
under physiologic conditions 


Excretion under basal conditions: In four nor- 
mal subjects and seven patients with liver disease, 
no choline was demonstrated in 24-hour specimens 
of urine. In four normal subjects, 5.70 to 11.00 
mg. of TTMA N and in 22 patients with liver dis- 
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SIMULTANEOUS ADMINISTRATION OF 100 Grams CANE 
SuGaR AND 100 Grams oF STARCH 
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MENT WITH AUREOMYCIN AND SULFATHALIDINE 





HRS. AFTER 


ease, 5.80 to 14.99 mg. of TTMA N were found in 
24-hour specimens of urine. 

Response to administration of choline: After ad- 
ministration of 8 grams of choline base to one nor- 
mal individual, equal quantities of choline were ex- 
creted in any period observed. During the first 
24 hours the total excretion was 1.40 mg. choline 
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Fic. 5. Urinary Excretion oF TRIMETHYLAMINES BY 
THREE PATIENTS WITH LIVER DISEASE AFTER ADMINIS- 
TRATION OF 8 Grams (Upper Line) AND 2 GRAMS 
(Lower Line) CHOLINE Base 
Each type of line refers to the same patient. 
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N. Upon administration of 2 or 4 grams of cho- 
line base to four normal individuals, 0.75 to 1.60 
mg. choline N were excreted in the urine. After 
administration of 2 to 8 grams of choline base to 
four normal subjects (in six experiments [Figure 
2]), 60 to 67 per cent of choline N was excreted 
within 24 hours as TTMA of which 95 to 97 per 
cent was TMAO. This percentage was inde- 
pendent of the amount administered. Relatively 
little was excreted before six hours and after 12 
hours, the bulk being excreted between six and 12 
hours (Table IT). 

Effect of ingestion of other methyl compounds: 
Administration of 4 and 8 grams of betaine chlo- 
ride or of 20 grams of dl-methionine to a normal 
individual did not cause urinary excretion of either 
choline or betaine and did not increase TTMA 
excretion. 

Influence of intestinal bacteria upon the excre- 
tion of TTMA: Since previous investigations (10) 
indicated that choline is metabolized to TMA by 
species of the genera Proteus, Salmonella, Eber- 
thella and Shigella, the TMA formation was deter- 
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mined by the aeration method in tryptose media 
which contained 1 per cent of choline chloride and 
had been inoculated with 1 drop of 1: 1,000 saline 
dilution of feces. In five samples, 41 to 60 per 
cent of the choline present was converted to TMA 
in 24 hours. If 0.3 gram or less choline chloride 
was present in 100 ml. of tryptose medium, all 
choline was converted to TMA. The urinary ex- 
cretion of TTMA was determined in one normal 
person and in two patients with cirrhosis of the 
liver before and after administration of 0.5 gram 
of aureomycin and 1 gram of sulfathalidine every 
four hours for four days inciuding the day of the 
second choline administration. In all three in- 
stances the excretion of TTMA was greatly re- 
duced (Figures 3 and 4 representing two of the 
instances). In the third one (a patient with cir- 
rhosis) only 12-hour urine collections were avail- 
able and 17.1 mg. of TTMA N instead of 78.5 
mg. (without antimicrobial treatment) were ex- 
creted. Feces of the experimental subjects after 
treatment with aureomycin and_ sulfathalidine 
proved to be almost free of bacteria. 


TABLE Ill 


Urinary excretion of choline and trimethylamines in patients with hepatobiliary diseases within 24 hours 
after administration of 2 grams of choline base 
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It has been shown that glucose inhibits the 
conversion of choline to TMA by bacteria (10). 
Tryptose-choline media to which 1 per cent of 
glucose was added, failed to reveal upon inocula- 
tion with fecal material, any TMA formation. 
One normal subject who received simultaneously 
with 4 grams of choline base, 100 grams of cane 
sugar, excreted in the first 12 hours half of the 
TMA excreted previously without sugar adminis- 
rtation ; after 24 hours the excretion did not differ 
from the previous test (Figure 3). 

Administration of 100 grams of starch simul- 
taneously with choline decreased the TTMA ex- 
cretion in one normal person (after ingestion of 4 
grams of choline base) to one-tenth, even after 24 
hours (Figure 3). Ina second instance (which is 
not graphically presented), the TTMA excretion 
after administration of 2 grams of choline base de- 
creased following starch intake from 61 to 17.4 
per cent of the choline N given. The urinary cho- 
line excretion did not increase. 


Excretion of choline and TTMA in patients with 
liver diseases 


In patients with liver diseases the urinary ex- 
cretion of choline after administration of 2 grams 
of choline base was not higher than in normals. 
In the three patients who received 8 grams of 
choline base, the amount of choline excreted was 
higher (between 2.6 and 3.4 mg. choline N) but 
did not exceed one-third of 1 per cent of the total 
amount given. 

After administration of 2 grams of choline base, 
two out of three patients with obstructive jaundice 
had a normal excretion of TTMA while the third, 
who died a few days later, excreted considerably 
less. Of seven patients with infectious hepatitis, 
five excreted considerably less TTMA than nor- 
mal. In all 10 cases of cirrhosis investigated 
(two studied twice), the excretion was markedly 
decreased; in the two instances studied on two 
occasions, almost identical results were obtained. 
Moreover, in almost all patients with hepatic dis- 
ease, the excretion was delayed in contrast to the 
normals. In the latter, the bulk of TTMA was ex- 
creted in the first 12 hours after the intake of cho- 
line while in the patients it was excreted between 
12 and 24 hours. This delay was apparent even 
if the total amount excreted per 24 hours was not 
significantly decreased (Table III). 
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In three patients with liver disease, the per- 
centage of TTMA N excreted in relation to the 
amount of choline N ingested was not significantly 
changed when 8 grams instead of 2 grams of 
choline base were given (Figure 5). Two patients 
with liver disease who previously had delayed and 
reduced TTMA excretion after choline adminis- 
tration and who ingested TMA hydrochloride in 
amounts equivalent to 230 mg. N excreted it rap- 
idly and almost completely (Figure 6). 


DISCUSSION 


In contradiction to the previously cited report 
on urinary choline excretion (1), this substance 
is excreted in the urine in insignificant amounts by 
normal subjects and patients with liver diseases 
with or without administration of large doses of 
choline. With the method used, the excretion 
rarely exceeded one-third of 1 per cent of the ad- 
ministered dose. Moreover, reasonable doubt ex- 
ists as to whether the very small precipitate repre- 
sents choline and the figures given are maximum 
rather than actual amounts. The bulk of the 
reineckate obtained in the urine after choline ad- 
ministration (independent of the quantity adminis- 
tered) was proven to be trimethylamine (TMA). 
The greatest part of TMA was in the oxide form. 
This is in keeping with previous reports that in 
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rats (11) and in one human (12) after choline 
administration, TMA and TMAO appeared in the 
urine. 

This study indicates that, as measured by two 
different methods, two-thirds of the choline ad- 
ministered appears in the urine as TMA or its 
oxide. The absolute amount is astonishingly well 
duplicated in the same person. Since many bac- 
teria, especially those of the Proteus and Shigella 
groups, are known to transform choline into TMA 
(10), the possibility of such a process in the in- 
testinal tract had to be considered. It was con- 
firmed by the observation that in vitro feces trans- 
form choline, to a large degree, to TMA and that 
suppression of the intestinal flora by antimicro- 
bial agents greatly inhibits the urinary total tri- 
methylamines (TTMA) excretion without influ- 
ence upon the choline excretion. The conclusion 
is justified that two-thirds of choline administered 
as dietary supplement, independent of the dose 
given, is transformed in the intestinal tract into 
TMA. Information as to the lipotropic activity 
of the latter is not available. Neither betaine nor 
methionine is transformed or excreted as TTMA. 
The fate of the remaining one-third of choline in 
the body is unknown. 

The concept of an extensive bacterial transfor- 
mation of choline into TMA appears strange in 
view of the fact that choline absorption should take 
place in the upper part of the small intestine while 
significant bacterial activity starts in the large in- 
testine. Further investigations should clarify the 
extent of absorption of choline as such in differ- 
ent species. 

Glucose, which is known to suppress TMA pro- 
duction from choline by bacteria, inhibits im vitro 
production of TMA by feces. Therefore, the sup- 
pression of intestinal TMA formation (as meas- 
ured by urinary TTMA excretion) by adminis- 
tration of choline together with carbohydrates was 
attempted. Cane sugar, which is rapidly absorbed 
from the intestine, delayed the TTMA excretion 
(and probably the bacterial transformation) with- 
out reducing the total excretion in 24 hours. In 
contrast, starch given with choline for the entire 
24-hour period considerably depressed the bac- 
terial transformation of choline if the urinary ex- 
cretion of TTMA is a measurement. 

Three possible explanations have to be consid- 
ered for the observed reduction or delay of the uri- 
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nary TTMA excretion after choline intake found 
in hepatic diseases : 


(a) Impaired absorption of TMA in the pres- 
ence of liver damage. The almost complete uri- 
nary excretion of ingested TMA even in patients 
with liver disease speaks against this assumption. 

(b) Faulty urinary excretion of TTMA. The 
complete excretion of fed TMA in liver diseases 
contradicts this possibility also. The bulk of TMA 
is excreted as its oxide. The possibility, therefore, 
has to be considered that the oxidized form is 
more readily eliminated by the kidneys; if the liver 
performs this oxidation, in liver diseases this func- 
tion could be at fault. Jn vitro studies (13) have 
indicated that liver tissue reduces TMAO to 
TMA; therefore, the fact that the ratio between 
urinary TMA and TMAO is not significantly al- 
tered in liver diseases contradicts this assumption. 

(c) Faulty bacterial action in liver diseases. 
Possibly the bacterial flora of the intestine is al- 
tered in patients with hepatobiliary diseases in a 
quantitative and/or qualitative manner which 
might explain the reduced formation of TMA in 
these conditions. 

The data so far available are too scant to per- 
mit conclusions about the therapeutic value of 
supplementing choline therapy with antimicrobial 
agents or carbohydrates or about the causes of 
choline deficiency in the human. The utilization 
of orally administered choline as measured by 
phospholipid turnover with P*? (14) cannot, at 
present, be correlated with the urinary excretion 
of TTMA since the latter does not reflect the fate 
of absorbed choline in the body. For this purpose, 
studies on the urinary excretion of intravenously 
administered choline, which are at present under 
way, appear more promising. 


SUMMARY 


1. A procedure was adopted for the determina- 
tion of choline in the urine using its precipitation 
by Reinecke salt, and procedures were developed 
for the determination of trimethylamine and tri- 
methylamine oxide in the urine, based on either 
Reinecke salt precipitation or on the Folin-Cio- 
calteu reaction. These procedures were applied to 
the urines of four normal persons and 22 patients 
with hepatobiliary diseases before and after oral 
administration of 2 to 8 grams of choline base. 
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2. Choline was not found in the urines of nor- 
mal persons nor patients with hepatobiliary dis- 
eases under basal conditions. After oral adminis- 
tration of choline, very small amounts, if any, of 
choline were excreted, as a rule not exceeding 0.3 
per cent of the amount of choline administered. 

3. Under basal conditions, small amounts of 
trimethylamines were found in the urine. Within 
24 hours about two-thirds of the choline N in- 
gested was excreted in normal individuals as tri- 
methylamine and its oxide. 

4. Incubated stool dilutions transformed cho- 
line to trimethylamine. Inhibition of the intestinal 
flora by aureomycin and sulfathalidine greatly 
depressed the urinary trimethylamine excretion. 
This suggests that the urinary trimethylamines 
result from bacterial transformation of choline in 
the intestine. The greater part of therapeutically 


administered choline is, therefore, changed in the 
liver into a product without known lipotropic 
activity. 

5. Administration of cane sugar with choline 
delayed urinary trimethylamine excretion, while 
intake of starch depressed it. 

6. In liver diseases the urinary trimethylamine 


elimination after choline administration is delayed 
or decreased. Ingested trimethylamine in these 
patients is readily excreted. 
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It is the purpose of this report to describe and 
interpret the varied renal hemodynamic patterns 
and associated clinical and biochemical features ob- 
served in 29 children with the nephrotic syndrome 
studied between January, 1949, and June, 1950. 

Cases of the “nephrotic syndrome” present cer- 
tain uniform and consistent clinical features (1), 
but their separation into two groups, “nephrosis” 
and the “nephrotic stage of nephritis,” has been 
rather arbitrary and frequently difficult. Normal 
or supernormal renal function (2) on the one hand, 
and hematuria, hypertension, and azotemia (3-6) 
on the other, have been the classical criteria for 
this distinction. However, review of the clinical 
course of patients classified as “nephrosis” with 
subsequent complete remission, has shown that 
moderate hematuria, hypertension and azotemia 
were common transiently observed phenomena (7- 
10). Moreover, serial renal function studies have 
demonstrated varying degrees of functional impair- 
ment in patients clinically classified as instances 
of either nephrosis (11, 12) or the nephrotic stage 
of glomerulonephritis (13-15). 

This study was undertaken in order to deter- 
mine : 


1 These studies were supported by grants from Mead 
Johnson & Co. and from the National Institutes of Health, 
U. S. Public Health Service. 

2 Presented in part before the Society of Pediatric Re- 
search, French Lick, Ind., May 1950, and the Sixth In- 
ternational Congress of Pediatrics, Zurich, Switzerland, 
July 1950. 

8 Post-Doctorate Research Fellow of the National In- 
stitutes of Health, U. S. Public Health Service; Asst. 
Professor of Pediatrics, Bowman Gray School of Medi- 
cine, Winston-Salem, N. C. (on leave of absence). 


1) If measurements of renal function would as- 
sist in the early differentiation of benign nephrosis 
from progressive nephritis, 

2) if such a differentiation were valid physio- 
logically, and 

3) if studies of renal function would help to 
elucidate the pathogenesis of the nephrotic syn- 
drome. A preliminary report has been published 
(16). 


Lacking the biopsy material which would pes 
mit morphologic description of the diseased organ, 
the results of our physiologic studies seem to cor- 
roborate an earlier suggestion, based on patho- 
logic studies, that both “degenerative” lipoid ne- 
phrosis and “inflammatory” glomerulonephritis 
are characterized by anatomical lesions and dis- 
turbances in function which are identical in kind, 
but different in degree (17). The data of this re- 
port indicate that the glomerulus is a primary site 
of the disease process, but the syndrome is fre- 
quently characterized by reversible metabolic and 
hemodynamic rather than solely by irreversible 
anatomic damage of the nephron. 


CLINICAL MATERIAL AND PROCEDURES 


General plan of study 


Estimations of glomerular filtration rates (GFR), renal 
plasma flow (RPF), and maximal tubular excretory ca- 
pacity (Tmpan), were made in 29 nephrotic children, 
with more than one series of simultaneous biochemical 
and renal functional studies in 17 of these patients. In 
all, 53 estimations of renal function and biochemical status 
were made and correlated with clinical courses. Of the 
29 patients, only two were over 6.5 years of age at the 
time of first admission. Three patients were over 6.5 
years of age at the time initial renal function studies 
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TABLE I 


Clinical status of all nephrotic patients observed during 
interval January, 1949-June, 1950 








Clinical status* 
No. of 
patients 


Nephrotic 
patients 





Remission | Good | Poor 





This report |! 29 10t 6 3 


Remainder 61 20 22 9 
clinic 





, 28 12 





90 30 








Per cont 100 62 33 31 14 























* Remission = No edema, normal diet, full activity, 
minimal to absent proteinuria for at least 
two months. 

= Edema, proteinuria, hypoproteinuria, 
hyperlipemia, no anemia, acidosis, azo- 
temia. Urine specific gravity 1.018 or 
more. 

= Nephrotic syndrome with anemia, aci- 
dosis, azotemia, urine specific gravity 
“fixed” 1.010. 

+ Three patients have relapsed since this report was 
submitted for publication. 

t Two patients died shortly after this report was pre- 
pared for publication. 


Good 


Poor 


were done. All other patients were less than five years 
of age. Omitting two extremes of age, the mean age of 
the group was 3.3 years and median age 3.0 years. Com- 
ments on the physiological disturbances of electrolytes 
and body fluids will be the subject of another report. 
Appraisal of the factors which determined the selection 
of the particular patients for study from our clinic group 
was extremely difficult. Patients usually appeared in the 
clinic soon after manifestations of the disease were noted. 
The observed group of patients, therefore, was not un- 
duly weighted by the usual preponderance of severe or 
advanced cases commonly noted in hospital samples. 
An attempt was made to select for study children with 
nephrosis and both with and without hematuria and/or 
azotemia, and with active disease of varying duration. 
The sex distribution and clinical status of the patients 
studied is related to that of the total group of 90 neph- 
rotic children observed in this clinic during the same 
time interval (Table I). The inclusion of fewer males in 
the study sample may be attributed to reluctance to cath- 
eterize male children with marked edema of the genitalia. 


Blood samples 


Serum or plasma concentrations of the test substances 
employed were, in the majority of instances, measured 
in “arterial” blood obtained from capillary puncture. An 
inlying venous needle with fitted stylette was frequently 
used in larger children for sampling. Approximately 0.5 
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ml. whole blood was collected in 10 cm. long, 3 mm. bore, 
chemically clean capillary tubes—filled by direct capil- 
larity from finger puncture (18). A drop of dilute heparin 
was used to wet the bore when plasma was desired; how- 
ever, a considerably better yield of serum was usually 
obtained from the same aliquot of non-heparinized blood. 
The capillary tube, when filled, was capped with flanged 
flexible rubber caps. Twenty to 40 seconds were usually 
required to fill a tube. After centrifugation for 30 min- 
utes at 2,500 rpm, the tube was scratched 1 mm. above: 
the level of packed cells, the cap at the serum end of the 
tube removed, and the serum-containing portion of the 
tube carefully broken off and recapped. The heparinized 
blood hematocrit was read directly by alignment of the 
tube against a millimeter rule. Approximately 0.2-0.3 ml. 
serum was thus available per tube. Two or three micro- 
tubes obtained per period sufficed for duplicate determina- 
tions. Where simultaneous thiosulfate, inulin, and PAH 
clearances were done, four or five tubes were obtained 
per period. The relatively small yield of serum, however, 
necessitated micromodification of usual procedures. 


Renal function studies 


Patients were hospitalized and confined to bed for 18 
to 24 hours prior to study. Fluids were allowed ad lib. 
No food was offered during the eight hour period pre- 
ceding the test. All clearance studies were begun at 
approximately 8:30 am. Using a dose based on age, 
premedication with morphine sulfate and atropine sulfate 
was employed in about two-thirds of the studies in order 
to reduce apprehension in uncomfortable, edematous chil- 
dren. In general, commonly accepted techniques with 
few minor modifications were employed. A single in- 
jection of thiosulfate and constant infusion of inulin and 
PAH were used. Urine was collected through an in- 
dwelling, multi-eyed 8-14F catheter. The bladder was 
washed at the end of each period with sterile distilled wa- 
ter and with air. Urine volumes, including wash, were 
recorded to the nearest 0.1 ml. Thirty minutes were al- 
lowed for equilibration after the priming injection. 
Consecutive 15 minute collections of urine were then made 
for six to ten periods. In the majority of instances, blood 
samples were obtained at approximately 30, 60, 90, 120, 
150, and 180 minutes and midpoint values of each period 
determined by interpolation. It was not possible to cor- 
rect for urine delay time. A control venous blood sam- 
ple was obtained under oil ior blank determination and 
analysis of various serum chemical components. All sera 
and urine aliquots for thiosulfate and inulin analysis were 
precipitated within two to four hours. Analyses were 
completed within 24 hours. 


METHODS 


Glomerular filtration rate (GFR) was determined using 
a single injection of sodium thiosulfate (Na,S,0,°5H.O) 


* Obtained from the West Company, 1117 Shakamaxon 
St., Philadelphia, Pa. 
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(19) in the initial 19 observations. In the majority of in- 
stances, simultaneous inulin and thiosulfate clearances 
were measured. Approximately 30 mM. (8 gm.) Na.S.O;° 
5H.O per square meter of surface area were administered 
as a freshly prepared 10-17% solution. Unpleasant re- 
actions to relatively rapid infusions (6-10 ml./min.) of 
this solution were rare. Concentrations of thiosulfate in 
serum and urine were determined in duplicate, with 
micromodification for serum, according to the standard 
periodate titrometric method. Semilogarithmic plot of 
urinary thiosulfate excretion and of serum concentra- 
tions against time usually followed decremental straight 
lines of varying slope. Initial serum concentrations ap- 
proximating 40-60 mg./100 ml. were usually obtained. 
The inulin clearance determined by a constant infusion 
technique was measured simultaneously with thiosulfate 
and PAH clearances in the majority of instances.5 Serum 
concentrations of inulin usually approximated 20-80 mg./ 
100 ml., and of PAH, 1.5-4.0 mg./100 ml. Inulin in se- 
rum and urine was determined by method of Roe, Epstein, 
and Goldstein (21) with minor modification. The stand- 
ard acid CdSO, protein precipitating solution (22) was 
found to give as satisfactory recoveries as the Somogyi 
reagents, and therefore this deproteinizing agent was used. 
For precipitation, serum in the microtubes was trans- 
ferred by capillarity into a calibrated 0.2 ml. (normax 
grade) ( pipette and delivered with three washings into 
2.0 ml. distilled water contained in a 3-4 ml., 10 mm. bore, 
precipitin tube. The standard CdSO, precipitation was 
completed using one-tenth quantities of reagents. After 
standing 10 minutes, the precipitate was compacted by 
centrifugation for 20 minutes at 2,000 rpm. Duplicate 
tubes were prepared for each specimen and afforded suf- 
ficient supernatant for duplicate determinations of PAH 
and inulin. Optical density of color for inulin and PAH 
was determined in a Coleman Junior spectrophotometer. 
Maximum absorption of the resorcinol-inulin complex oc- 
curred at 510 mu. Standard recoveries were determined 
with each series of analyses and an average constant in 


5 A comparison of 118 simultaneous thiosulfate and inu- 
lin clearance periods indicated fairly good agreement at 
all clearance levels, although the quantitative significance 
of values obtained at apparently low levels of filtration is 


questionable. Occasional widely discrepant values were 
noted. Thiosulfate clearances were usually greater than 
thiosulfate 
inulin 
for all periods was 1.1. Greater discrepancies were ob- 
served with the highest clearance values. The correlation 
coefficient of thiosulfate versus inulin clearance was 0.88 + 
0.09: The mean discrepancy between all values for simul- 
taneous thiosulfate versus inulin clearance was 5.5 + 3.9 


The ratio, C thiosulfate, thao sulfate, 
C inulin 


pendent of serum concentration of thiosulfate, r = 0.36, 
in contrast to observations in pregnant women (20). 


those of inulin. The average clearance ratio 


ml./min. was apparently inde- 


473 


terms of optical density was derived. The constant, rather 
than a standard transmission curve, was used for calcu- 
lation. Little variation in constants was observed in 
more than 70 multiple recovery determinations. 

Constant infusions of PAH following a priming dose 
were used to measure renal plasma flow (RPF) and max- 
imal tubular excretory capacity (Tm) (23). PAH was 
diluted in 5% glucose for clearance and in distilled H,O 
for Tm determinations. Priming doses were diluted in 
distilled H,O. The observed PAH clearances may be low 
because of the unrecognized reaction of PAH with glu- 
cose (24). In the initial renal function studies, glomeru- 
lar filtration rates were determined with thiosulfate im- 
mediately prior to RPF and subsequent Tm periods. 
Thereafter, simultaneous inulin and PAH clearance and 
saturation studies were carried out. Concentrations of 
PAH in serum and urine were determined by micromodi- 
fication of a standard method (22). At high serum con- 
centrations, 1.0 ml. aliquots of the supernatant solution ob- 
tained after precipitation (vide supra) were diluted 20 
times with distilled water and color was developed in 10 
ml. aliquots by standard macro technique. Color was read 
at 540 mz in the Coleman Junior spectrophotometer. 
Standard recoveries and determination of recovery con- 
stants were carried out with each series of analyses. 
Serum blank was determined by difference. Urine blanks 
were found to be negligible at the dilutions used (1: 2,500- 
10,000). 

Impairment of the renal tubules may decrease the ex- 
traction ratio and may invalidate the use of uncorrected 
clearances for the measurement of renal plasma flow. 
Renal PAH extraction data are not yet available in in- 
fants and children. Cargill has reported values for renal 
PAH extraction of normal adult patients and of nine 
glomerulonephritics with varying levels of observed PAH 
clearance (25a). An exponential extraction curve has 
been constructed from these data and used to “correct” ob- 
served RPF for approximate extraction in order to af- 
ford an estimate of “corrected” renal plasma flow 
(RPF-.). An assumption of this type has obvious limi- 
tations, but occasionally seemed to yield a more reason- 
able range of magnitude for renal plasma flow. 


Estimation of surface area 


The estimation of surface area in the persistently ede- 
matous child presents an obvious problem, and ideal weight 
in relation to height and age is unreliable in children 
whose disease is of sufficiently long duration to impair 
linear growth and induce chronic malnutrition with 
wasting. .4 reasonable approximation of “non-edematous 
weight” usually was derived by comparing the observed 
volume of distribution (Vp) of thiosulfate in the edematous 
patient to a presumed “normal” Vp estimated from thio- 
cyanate space regression equations for height (25b). 
SCN and S,O; may occupy somewhat different apparent 
distributions in view of the protein binding of SCN (26) ; 
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neither accurately measures extracellular fluid volume.® 
Occasionally such estimation of surface area (SA) was 
obviously inadequate. Post-diuresis weight then was used 
to correct previous measurements of renal function to 
unit values. Using the derived value for “non-edematous 
weight,” SA was estimated either by calculation or from 
nomograms constructed from the standard DuBois rela- 
tionship: SA = W*™ x H®™ x 71.84. 


Other measurements 


Serum proteins were determined by micro-Kjeldahl 
analysis. Serum NPN (27), gasometric CO, content 
(28), pH (29), and cholesterol (30), were determined by 
standard methods. Plasma volume determinations,’ using 
Evans blue (T-1824) and a modification of an acetone ex- 
traction technique (31), were carried out in all patients 
immediately prior to clearance studies. 


RESULTS 


I. Clinical observations 


A summary of the clinical features of patients 
studied by clearance techniques is given in Table 
II. 


6 The use of Vp thiosulfate for the estimation of “non- 
edematous weight” is indicated by the following example: 
Patient CB, Male—Age 1-11/12 
Edematous—Before diuresis 


Height = 90.8 cm. 
Initial volume distribution (Vp) NazS,O; - ~= 8.26 L. 
Predicted normal Vp for height* = 3.32 L. 


Estimated volume edema 
(predicted decrease Vp) 
Estimated weight edema = 4.94 X 1.02 
Actual weight 17.70 Kg. 
Edema 5.04 


= 4.94L. 
= 5.04 Kg. 


Estimated non-edematous weight 
for predicted change in Vp 12.66 Kg. 


* Where Vp (NaScN) = —6.14 + 0.1042 H forSA = 0.5 
— 1.2 M? (25d). 


Non-edematous—After diuresis 


Height = 91.5 cm. 
Final volume distribution (Vp) Na»S.Os 
Observed decrease (Vp), 8.26 — 3.43 
Estimated weight change from observed 

change in Vp = 5.03 X 1.02 
Predicted weight from actual Vp, 
17.70 — 5.13 
Observed non-edematous weight 


= 3.23 L. 
= 5.03 L. 


= 5.13 Kg. 


= 12.57 Kg. 
11.88 Kg. 


Error of prediction 0.69 Kg. 
Estimated ideal weight from height = 13.50 Kg. 
11.88 
Error of prediction = 1.62 Kg. 14% 
7 Detailed data will be the subject of another report. 


The onset of symptoms was estimated from his- 
tory. Since many of the children who developed 
the disease were quite young, observations of 
growth and physical status, occasionally including 
blood pressure and urine examination, had often 
been made by the family physician prior to onset of 
the nephrotic syndrome. When available, such 
information confirmed the absence of antecedent 
renal disease. Since renal disease of this type in 
children is usually associated with marked loss of 
appetite, lassitude, oliguria, and personality change 
or irritability before edema is more than suspected, 
parents were apt to consult their physician with the 
advent of definite edema. In no instance was gross 
hematuria, elevated blood pressure, or cardiac fail- 
ure observed by the first physician to see the patient 
in the early phases of the disease. Upper respira- 
tory or other infections preceded the onset of the 
nephrotic syndrome in only seven of 29 patients. 

All patients with the nephrotic syndrome at the 
time of initial observation in this clinic presented 
the rapid or insidious onset of edema as a chief 
complaint. Oliguria, marked proteinuria, absence 
of gross or marked microscopic hematuria, hypo- 
proteinemia (micro-Kjeldahl), and elevation of se- 
rum cholesterol were constant features. Cardiac 
enlargement was not observed but variable values 
for blood pressure and NPN were obtained in all 
phases of the disease (Table II). Spontaneous di- 
uresis, frequently observed in the first weeks or 
months of the disease, was usually associated with 
temporary improvement in the values for urine 
and blood constituents. 


Hematuria, azotemia and anemia 


The clinical data indicated that hypertension, 
microscopic hematuria, and/or slight to moderate 
azotemia during the early months of the disease 
often were unreliable indices of the functional 
state of the kidney or subsequent course of the dis- 
ease. However, essentially hyperbolic correlation 
was found between elevation of the NPN and di- 
minution of GFR (Figure 1) as previously noted 
(32-34). Similarly, the occurrence and extent of 
acidosis, as indicated by serum CO, content and 
pH, was found to correlate roughly with reduction 
of GFR (35, 36) (Figure 2). The simultaneous 
variation of pH, CO, content and non-CO, serum 
buffers in relation to GFR was expressed according 
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JACK METCOFF, W. M. KELSEY, AND C. A. JANEWAY 


RELATION OF SERUM NON-PROTEIN NITROGEN TO SIMULTANEOUSLY 
DETERMINED GLOMERULAR FILTRATION RATE IN CHILOREN WITH THE 
NEPHROTIC SYNDROME 
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ACIDOSIS CONCOMITTANT TO REDUCED GLOMERULAR FILTRATION IN 
CHILOREN WITH THE NEPHROTIC SYNDROME 
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THE NEPHROTIC SYNDROME IN CHILDREN 


to the buffer base concept suggested by Singer and 
Hastings (37) (Figure 3). In approximately 
half of the patients, whole blood buffer base was 
estimated. In these instances, the derived values 
were slightly different ; the trend and relationships 
were the same. It was evident that reduction of 
serum buffer base was usually associated with re- 
duced GFR; however, reduction of GFR was ob- 
served occasionally without concomitant lowering 
of serum buffer base. Anemia, when accompany- 
ing azotemia and acidosis, completed a triad which 
indicated marked limitation of renal regulation and 
suggested a very poor prognosis. Anemia is rare 
early in the nephrotic syndrome. These three vari- 
ables, rather arbitrarily related to each other, have 
been expressed as a ratio and correlated with GFR 
(Figure 4). The limitations of such an expression 
are obvious. In most instances, reduction in the 
arbitrary ratio accompanied roughly proportional 
reduction inGFR. However, one child (No. 24),® 
with moderate reduction in the arbitrary ratio 
after 17 months of active disease, appeared to be 
in clinical remission approximately one year later 
although functional data suggested residual renal 
damage. Several children with very low ratios 


8 Here and elsewhere, patients’ numbers are as in Tables 
II and III. 
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have died (Nos. 5, 11, 18, 23, 26, 28) ; the others 
have persistent nephrotic symptoms and ample 
evidence of renal insufficiency. 


Renal function data 


The pertinent renal function data for each pa- 
tient are presented in Table III and may be cor- 
related with the clinical and biochemical observa- 
tions in Table II. The validity of the “clearance” 
concept in the presence of nephron damage has 
been justifiably questioned (38-40). Some data 
on the response to adrenocorticotropic hormone 
(ACTH) therapy is included since ACTH may 
indirectly alter the metabolic activity of viable 
nephron cells (41, 42).® It can hardly be expected 
to restore destroyed, fibrosed or hyalinized tissue. 
Therapeutic response, therefore, affords one pos- 
sible means of contrasting reversible impairment 
of function with irreversible destruction of 
parenchyma. 


Glomerular filtration rate. 


The distribution of values for GFR in relation 
to the duration of the disease is depicted in Figure 
5. The course of certain patients is indicated. In 


9A detailed report concerning physiologic and clinical 
response to ACTH is in preparation. 


AVAILABLE SERUM BUFFER BASE RELATED TO GLOMERULAR FILTRATION IN 
CHILOREN WITH THE NEPHROTIC SYNDROME 
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JACK METCOFF, W. M. KELSEY, AND C. A. JANEWAY 


RELATION OF HEMOGLOBIN, SERUM NON-PROTEIN NITROGEN & BUFFER BASE TO 


GLOMERULAR FILTRATION RATE IN CHILOREN WITH THE NEPHROTIC SYNDROME 
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RELATION OF GLOMERULAR FILTRATION RATE TO DURATION OF THE NEPHROTIC SYNDROME 


IN CHILDREN 
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JACK METCOFF, W. M. KELSEY, AND C. A. JANEWAY 
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general, glomerular function in the nephrotic syn- 
drome varied with duration of the disease. Uni- 
formly reduced filtration rates were noted in nine 
patients observed during the initial 2.5 months of 
the disease. Occasionally, supernormal values 
were noted in the following few months. More 
commonly, progressive reduction occurred. 
Diuresis, which occurs spontaneously in many 
nephrotic children during the first weeks or months 
of the disease, usually was associated with im- 
provement of GFR. Increased GFR and filtration 
fraction were not essential to initiate diuresis (42). 
In one instance (No. 1,),?° the initial diuresis was 
spontaneous; in others (Nos. 8., 12.,, 17,,,), it fol- 
lowed ACTH therapy. Following the initial diure- 
sis and during the phase of recurring edema (Nos. 
1,,8,) reduced filtration was again noted. Four in- 
stances of supernormal filtration rates were ob- 
served after the first two months of the nephrotic 
syndrome. In one patient (No. 17,), the observa- 
tion was preceded by diuresis initiated with ACTH 
therapy. In others, (Nos. 10, 11, 16), no therapy 
had been employed. Subsequent determinations 
(Nos. 17,, 10,, 11,) revealed striking reduction of 
10 Subscript refers to determination number of a given 


patient; in this instance, to the second renal function study 
of patient S. J. 


filtration. An increase in filtration rate was ob- 
served twice in the same patient (Nos. 1,, 17,) fol- 
lowing successive courses of treatment with ACTH 
with diuresis. Spontaneous or ACTH induced im- 
provement of GFR after many months of active 
disease was also noted twice (Nos. 19,, 24,). 

With continuation of the disease, progressive 
lowering of GFR was ultimately associated with 
renal failure. Extreme reduction in GFR was 
noted (No. 18,,,) for many months before clinical 
evidence of renal failure became apparent. Dem- 
onstration of diminished filtration after 17 months 
of active disease did not preclude apparent clinical 
remission, (No. 24). Subsidence of nephrotic 
symptoms and signs after a protracted course was 
usually characterized by persistent evidence of 
minimal inflammatory renal response and slightly 
reduced GFR (Nos. 17,, 24,, 29). Relatively 
early clinical remission was accompanied by normal 


GFR (No. 21). 


Renal plasma flow 


Unlike GFR, greater than normal values for ap- 
parent renal plasma flow were occasionally ob- 
served during the first months of the disease (Fig- 
ure 6). Marked elevation of renal plasma flow 
was observed concomitantly with supernormal 
GFR (Nos. 10, 16) as well as with moderately 
(No. 5,), or markedly (No. 3) reduced GFR. In 
several instances, elevation of the filtration rate was 
associated with diminution of renal plasma flow 
(Nos. 11,, 17,). It was evident that change in 
renal plasma flow could occur without significant 
variation in GFR (Nos. 1,, 3, 9, 15, 18,22). The 
reverse also was true (Nos. 1, 12, 17). 

Following diuresis, either spontaneous (No. 1,) 
or induced (Nos. 1,, 17;, 12,), a definite increase 
in renal plasma flow usually was not observed. In 
one instance (No. 2,), RPF was apparently 
doubled. While normal values were occasionally 
noted with apparent clinical remission (Nos. 12, 
21), recuced renal plasma flow was also observed 
(Nos. 24,, 29). Persistence of the nephrotic syn- 
drome was usually associated with progressive re- 
duction in both measured and “corrected” renal 
plasma flow (Nos. 5, 8,, 13, 17,, 18, 22). 


Maximal tubular excretory capacity 


Maximal tubular excretory capacity was usually 
within normal limits or was slightly reduced during 
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the first months of the disease (Figure 7). Neither 
spontaneous nor ACTH induced diuresis com- 
monly was associated with significant alteration 
in this function (Nos. 1,,,, 12,, 17,) except 
in (No. 2,). Early reduction in maximal tubular 
excretory capacity was apparently reversible, (Nos. 
2,, 15,). With persistence of the disease, progres- 
sive reduction in Tmpag was observed. With 
clinical remission, despite a protracted course, nor- 
mal values were observed (Nos. 21, 24, 29). 
Tubular reabsorption of PAH possibly accounts 
for the occasional observation of negative Tm pe- 
riods (Nos. 3, 23) or apparent extreme reduc- 
tion of effective tubular mass (Nos. 5, 10, 11, 18, 
26-28). 


DISCUSSION 


Marked distortion of the nephron and its sup- 
porting structures with extreme variation in archi- 
tecture is not common in the early phases of the 
nephrotic syndrome in children (43, 44). In in- 
stances where death has resulted from intercur- 
rent infection in the early months of the disease, 


11 Despite rising serum PAH and inulin levels, consecu- 
tive periods commonly revealed little change in Tm al- 
though a slight tendency toward depression of simultaneous 
inulin clearance was noted. 


the absence of striking morphologic changes, par- 
ticularly of the glomerulus, has been evident (9, 
11). Our data indicate a slight to moderate reduc- 
tion of glomerular filtration early in the course of 
the nephrotic syndrome. Filtration is largely the 
resultant of hydrostatic pressure in one direction, 
oncotic and renal interstitial pressure in the other, 
and of the area over which the resultant pressure 
is exerted. Changes in effective renal arteriolar 
resistance may modify filtration (45, 46). The 
ratio of glomerular filtration to renal plasma flow 
(filtration fraction) defines the filtration equilib- 
rium. Early in the nephrotic syndrome, the filtra- 
tion fraction (FF) occasionally was observed to 
be essentially normal; rarely, it was markedly ele- 
vated ; most commonly it was reduced (Figure 8). 
Renal plasma flow was usually reduced early in 
the disease, but filtration appeared to suffer greater 
proportionate reduction, although inconstant dis- 
sociation of the two functions was evident (Figure 
9). The relationship between the two variables is 
illustrated by means of a correlation diagram of 
the sort employed by Goldring and his associates 
(47) and Smith (48). In this diagram, the elipse 
represents the perimeter of a normal surface within 
which 70% of normally correlated values would 
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be expected to fall. The statistical background for 
the elipse was calculated from the data of Rubin, 
Bruck, and Rapoport (49). Spontaneous or in- 
duced (ACTH) improvement of the nephrotic 
syndrome was usually associated with an increased 
filtration fraction. An absolute increase of GFR 
usually was responsible. Plasma protein concen- 
tration (or content) did not appear to undergo ap- 
preciable diminution with diuresis, and possibly 
increased. Therefore, further reduction of oncotic 
pressure accounting for increased filtration 
seemed unlikely. An increased filtration fraction 
associated with reduced afferent and augmented 
efferent arteriolar resistance has been observed 
with diuresis in nephrotic edema (42). Improved 
filtration during the nephrotic syndrome might re- 
sult from decreased interstitial renal (subcapsular ) 
pressure, alteration in membrane permeability, in- 
crease of the effective glomerular bed by restoration 
of normal circulatory channels, or by increase in 
glomerular pressure. It is not possible to choose 
between these alternatives at present. Since re- 
duced GFRs were demonstrably reversible for 
variable periods of time, a disease process irre- 
versibly obliterating glomeruli during the relatively 


early phases of the nephrotic syndrome seems un- 


likely. Persistence of the nephrotic syndrome with 
evidence of active renal disease for some period 
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of time usually was associated with gradual re- 
duction in all functional moities. When, in cases 
of the protracted nephrotic syndrome progressive 
diminution of filtration fraction was observed, as- 
sociated changes in RPF/Tmpan and GFR/ 
Tmpan suggested extensive nephron damage. 
These observations are consistent with those re- 
ported in glomerulonephritis (14, 15). 

Increased maximal tubular excretory capacity 
following diuresis was occasionally observed in the 
first few months of the nephrotic syndrome. These 
observations suggest increased activity of the tu- 
bular cell. It has been demonstrated that the ex- 
cretory capacities of the tubular cell may be altered 
under certain conditions (50). In either case, the 
concept of primary degenerative, irreversible change 
of the tubular tissue seems untenable. With clini- 
cal remission following many months of an active, 
persistent nephrotic syndrome, the effective tubular 
mass appeared to be essentially normal or only 
slightly reduced. With relapse, or progressive, 
active disease, reduction of Tm appeared to cor- 
relate with relatively symmetrical reduction of 
GFR (Figure 10). This phenomenon has been 
interpreted as evidence for ablation of functioning 
nephrons (48). The simultaneous appearance of 
biochemical renal insufficiency (Table II) tended 
to corroborate this interpretation. Reduction of 
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effective tubular mass, however, appeared dispro- 
portionately greater than diminution of renal 
plasma flow (Figure 11), suggesting hyperemia of 
the residual tubular tissue. In view of pathologic 
studies indicating distortion, vascular obliteration 
(51), and relative renal ischemia in advanced re- 
nal disease (15, 52), it seems likely that the ap- 
parent hyperemia is vicarious. 

Neither the clinical observations nor the renal 
functional data clarify the etiology or pathogenesis 
of salient features of the nephrotic syndrome such 
as edema, hyperlipemia, hypoproteinemia or hypo- 
calcemia. However, the data of this report form 
the basis for an hypothesis concerning the renal 
hemodynamic adjustments in the nephrotic syn- 
drome in children (Figure 12). The validity of 
clearance measurements in the presence of nephron 
disease and at very reduced levels of renal function 
is uncertain and interpretation hazardous. With 
this reservation, further qualified by limitations of 
sampling and the necessity for protracted observa- 
tion, it is suggested that the initial renal insult, 
which may be of immunogenic nature (53), in- 
volves the entire nephron in variable degree, with 
early alteration of its functional capacities. Pre- 
ponderance of glomerular or tubular dysfunction 
may be observed. Initial reduction of GFR and 


FF may be contingent upon increased renal inter- 
stitial pressure, impaired glomerular membrane 
permeability, cortico-medullary shunts bypassing 
some glomeruli, or reduction of glomerular pres- 
sure. Diminished oncotic pressure would tend 
to improve glomerular filtration. Physiologic ad- 
justment might attend reduction of subcapsular and 
increased intra-glomerular pressures. Constriction 
of the efferent arterioles, if associated with some 
dilatation of the afferent arterioles, reduced renal 
interstitial pressure and minimal alteration of the 
glomerular membrane, could theoretically induce 
supernormal glomerular filtration. Successful ad- 
justment of the metabolic activities of tubular cells 
might result in diuresis and at least temporary re- 
mission. Recovery would follow successful, per- 
sistent functional reorganization of the nephron be- 
fore irreversible anatomic damage was established. 
Failing functional reorganization, or possibly with 
recurrent stimulation of sensitized renal tissues by 
a primary etiologic agent, gradual distortion of the 
vascular architecture and dependent nephron struc- 
tures characteristic of chronic renal disease might 
then initiate a vicious cycle of glomerular oblitera- 
tion with diminished tubule blood flow and vascular 
shunting. Relatively increased blood flow adja- 
cent to residual tubular tissue would thus represent 
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a spurious hyperemia and an indication of impend- 
ing renal failure. 
Since young children, unlike older patients, of- 


ten recover following the nephrotic syndrome, the 
more favorable tissue reactivity of the young or- 
ganism may explain the different course of this dis- 
ease in these two age groups. 


SUMMARY AND CONCLUSIONS 


Twenty-nine children with the nephrotic syn- 
drome, a fairly typical sample of 90 patients re- 
cently observed, have been studied by clinical, bio- 
chemical, and renal function techniques. 

Conventional clinical criteria frequently proved 
unreliable early in the course of the nephrotic syn- 
drome as indices of the functional status of the kid- 
ney or as guides to the subsequent course of the 
patient. The triad of anemia, acidosis, and azo- 
temia, when correlated with a diminished GFR, in- 
dicated incompetence of the nephron for biochemi- 
cal regulation and probable morphologic damage 
with poor prognosis. 

Fluctuating changes in GFR, RPF, and Tmpan 
during the nephrotic syndrome suggested that 
variations in these measurements are a function of 
the severity and duration, rather than type, of dis- 
ease. The biochemical and renal functional pat- 
terns indicate that reversible metabolic and hemo- 
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dynamic rather than irreversible anatomic nephron 
damage frequently occurs. With progressive dis- 
ease of long duration, markedly impaired renal 
function suggested that irreversible parenchymal 
destruction gradually supersedes the earlier physio- 
logic changes, with culmination in renal failure. 

The primary etiologic mecharism remains un- 
determined; however, the idiopathic nephrotic 
syndrome in children, whether called “pure or 
lipoid nephrosis,” “mixed nephritis,” or “nephrotic 
stage of subacute or chronic glomerulonephritis,” 
appears to be a form of nephritis in which func- 
tional alteration and eventual anatomical changes 
indicate that the glomerulus is a primary site of 
the disease process. With inhibition of the un- 
known etiologic mechanism presumably before ex- 
tensive anatomic damage has supervened, spon- 
taneous or induced remissions may proceed to ap- 
parent recovery. 
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INTRODUCTION AND REVIEW OF LITERATURE 


The report by several investigators in 1937 and 
1938 that the paralytic attacks in the disease, per- 
iodic paralysis, were associated with depressed 
serum potassium values led to the conclusion that 
the disorder is the consequence of some fault in 
the regulation of serum potassium levels (1-4). 
Ample support for such a concept appeared to be 
given by other observations. Thus, depletion of 
serum potassium in various other clinical circum- 
stances, as in the recovery from diabetic acidosis 
and in the Addisonian patient overtreated with 
desoxycorticosterone acetate, is associated with 
flaccid paralysis. Again, it is known that hypo- 
potassemia results in cardiac arrest in diastole and 
causes impaired contractility of muscle in vitro. 
Finally, the balance studies of Danowski and as- 
sociates (5) showed that, in the patients they stud- 
ied, the attacks of paralysis were preceded by the 
movement of potassium into the intracellular phase 
and that urinary potassium excretion as well as 
the serum potassium concentration decreased. 

Talbot (6) in 1941 summarized the data con- 
cerning more than 400 cases of periodic paralysis. 
The disorder has been usually referred to as fa- 
milial or family periodic paralysis. It seems best 
to us as it did to Talbot to call the disease periodic 
paralysis, specifying the hereditary nature of the 
disorder when it is genetically determined, and 
referring to the other cases as sporadic, associated 
with thyrotoxicosis or in other ways specifying 
the mechanism involved where it is known. Tal- 
bot concluded that the syndrome probably repre- 
sented a clinical entity due to a single metabolic 
dysfunction. 

In our study of a kindred in which 33 individuals 


1 This study was supported in part by a grant from the 
United States Public Health Service. 


with clinically typical periodic paralysis were 
known to have occurred, we observed no striking 
hypopotassemia during attacks in the patients 
whom we studied in detail. This led us to under- 
take a critical review of the data dealing with this 
disorder in the literature. A poor correlation be- 
tween the onset and the severity of the attacks and 
the magnitude of the depression of serum potas- 
sium values has been noted and commented upon 
by several authors, including Talbot (6). Oc- 
casional instances of paralysis without depression 
of serum potassium levels have been reported (7). 
Furthermore, the levels of serum potassium found 
during attacks in patients with periodic paralysis 
usually have not been as low as those observed in 
patients who do not carry this genetic trait but who 
have hypopotassemic paralysis resulting from 
better understood metabolic abnormalities (3, 6, 8, 
9). A corollary observation is the apparent lack 
of specificity of potassium in relieving or prevent- 
ing the paralysis in certain patients with periodic 
paralysis in contrast to its excellent effect in the 
other metabolic hypokaliemias (1, 6, 10, 11). 

It seems probable, therefore, that periodic pa- 
ralysis as described in the literature is produced by 
more than one mechanism or that the serum potas- 
sium depletion is not the fundamental disorder. 
Such anomalies as abnormal storage of glycogen 
as well as other changes in intracellular potas- 
sium metabolism might be responsible for these 
vagaries of the serum potassium levels. The lack 
of complete similarity of the hereditary cases sug- 
gests that different genetic mechanisms are in- 
volved, most probably multiple mutations. These 
mutations can be understood best by studying them 
in kindreds where the expression of the same gene 
in many individuals may be observed. This dis- 
order, like many other human hereditary disorders 
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such as hereditary muscular dystrophy, hereditary 
blindness, hereditary deafness, etc., must be broken 
down into specific genetic entities before it can be 
analyzed and interpreted adequately. 

An examination of the genetic literature il- 
lustrates the diversity and variety of expression of 
periodic paralysis. The trait has been reported to 
be a dominant with skipped generations (12, 13), 
a complete dominant (14, 15), a recessive (6), and 
a sex-linked recessive (16). The gene has been 
reported as manifesting incomplete penetrance in 
females (6) and as having complete penetrance in 
both sexes (15). The expressivity may range 
from a slight recurrent weakness in one limb, as 
reported in one family (10), to paralysis so severe 
that nearly the entire body is paralyzed, in other 
families (13). Again, the paralysis may be so 
extreme in some cases as to cause death (13, 14). 

The duration of an attack in the members of 
some families may range from a few minutes to 
several days while in other families an individual 
may never be affected for more than a few hours 
(6). In certain families the attacks are rare, oc- 
curring once or twice in a lifetime or two or three 
times in a year or in a decade (6). In contrast, a 
case has been reported in which the attacks oc- 
curred daily (17). The onset has ranged from four 
to 35 years in one family (15), was consistently at 
18 or 19 years of age in another (14) and, in yet 
another, the condition was evident in infants less 
than a year old (18). The attacks have been re- 
ported to cease in one family after the fourth decade 
(15). 

Periodic paralysis has been observed in associa- 
tion with other diseases. One family was reported 
to have migraine as well as periodic paralysis (13) 
and another family with the trait had migraine and 
muscular atrophy that developed after years of at- 
tacks of paralysis (19). Others report the associ- 
ation of periodi« paralysis with exophthalmic goiter 
(20-22). The transition of periodic paralysis to 
spinal muscular atrophy also has been described 
(23). 

Many diverse clinical observations and even 
more diverse interpretations of these findings have 
been reported. Attacks have been thought to be 
precipitated by local application of cold (17), by 
glucose (5, 6, 24, 25), by water diuresis (26), and 
by insulin (2, 24, 25). In other cases, none of 
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these was effective in bringing about an attack) (10, 
25, 26). Potassium chloride, thyroid extract (25), 
cholinergic drugs (26), and adrenal extract (2) 
have all been used effectively and ineffectively as 
therapeutic agents. Reports concerning potassium, 
sodium, phosphate, and magnesium ion levels have 
been conflicting (1, 2, 5, 7, 10, 22, 27, 28). 

It has been postulated that the defect is related 
to the central nervous system, to the permeability 
of muscle cells, to hepatic or muscular glycogenesis 
or to a chronic deficit of potassium in the muscle 
(10, 28). 

In addition to the analysis of the genetic pat- 
tern in this kindred we have made certain clinical 
and laboratory studies on some of these patients. 
We have studied methods of precipitating attacks, 
the effect of administering glucose or glucose and 
insulin, the effect of exercise and of enforced rest, 
and the correlation of these factors to serum potas- 
sium, sodium, magnesium, phosphate and blood 
glucose levels. Gross and microscopic examina- 
tion of biopsy material from skeletal muscle as 
well as determination of its glycogen content also 
have been carried out. 


METHODS 


Pedigree, genetic and clinical data were secured by in- 
terviews with the members of the kindred. The trait 
in this kindred is of such a nature that it is readily identi- 
fied by the members of the families, and their reports of 
its occurrence have been consistently accurate in those 
patients whom we have examined. Where it was neces- 
sary to obtain information regarding individuals who are 
now dead, a check was made from as many different 
sources as possible in order to be sure that the data were 
accurate. Blood types and ability to taste for phenylthio- 
carbamide (PTC) were determined for use in linkage 
studies. 

Five patients were studied in detail on the metabolic 
ward of the laboratory. A full history, physical examina- 
tion and clinical laboratory investigation, as well as cer- 
tain special determinations as summarized in the intro- 
duction, were carried out. Blood glucose values were 
determined by the method of Nelson (29) on alkaline zinc- 
barium filtrates of whole blood collected in a fluoride- 
oxalate anticoagulant. Serum potassium and sodium were 
measured on a flame photometer (30). Serum magnesium 
values were estimated by the colorimetric method of 
Kunkel and coworkers (31), muscle glycogen by the 
method described by Good and colleagues (32). The 
remaining chemical and hematologic methods used have 
been described in detail in other papers of this series and 
will not be reviewed here (33, 34). 
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CLINICAL DESCRIPTION OF THE TRAIT 


The clinical manifestations of the trait as ob- 
served in this kindred consisted of episodes of 
weakness or flaccid paralysis. Such attacks began 
and ended insidiously. They lasted from a few 
minutes to many hours or even several days in 
rare instances. In severe attacks all of the skeletal 
muscles were involved except those of facial ex- 
pression, mastication, deglutition, speech, and 
respiration (diaphragm). Respiratory embar- 
rassment of a severe character was not observed 
in any of these patients. In milder episodes local- 
ized areas were sometimes involved, usually the 
large muscles of the legs, arms or back, although 
an occasional individual had attacks in which only 
local involvement of the hands occurred. The pat- 
tern was usually symmetrical on both sides of the 
body. The paralysis was flaccid, deep tendon re- 


flexes were absent and electrical excitability of the 
muscle was greatly reduced or lost. 

The attacks began most frequently in the early 
morning and not infrequently were present on 
awakening. Activity tended to decrease the de- 
gree of weakness present if paralysis did not pre- 


clude movement. On the other hand, strenuous 
exercise which was followed by complete inac- 
tivity very frequently initiated an episode. This 
was the most reliable manner of initiating attacks 
in the patients whom we studied. Paralysis did 
not occur while the patient continued to be ac- 
tive but the more strenuous the activity and the 
more complete the ensuing rest, the more probable 
it was that a severe attack would result. The pa- 
tients consistently reported that they could “fight 
off” an incipient attack by persistent activity. 
This, it mav be noted, is the exact converse of the 
effect of activity and rest in myasthenia gravis. 

A number of other factors also appeared to play 
a role in the precipitation of attacks. A heavy 
meal or, less frequently, the ingestion of a large 
amount of carbohydrate, particularly if taker be- 
fore bed time, sometimes preceded an attack on 
the ensuing morning or day. No patient reported 
attacks precipitated by high carbohydrate intake 
during the preceding two hours. 

Some patients reported no difficulty from food 
ingestion regardless of amount. Still other pe- 
riods of recurrent severe episodes occurred without 
any apparent relation to the activities of the pa- 


tient. These were just as severe as those having 
apparent relationship to preceding exercise or other 
factors which the patient regarded as responsible 
for the attack. 

During the attacks there were no symptoms 
other than those which related to the weakness 
itself, except that during severe paralysis marked 
perspiration usually occurred. That this may 
precede the paralysis and possibly be a factor in 
its development was suggested by the drenching 
night sweats which frequently preceded morning 
attacks. One patient reported that profuse sweat- 
ing preceded most of his severe attacks. On the 
other hand, the profuse perspiration induced by 
heavy work in hot weather does not induce paraly- 
sis unless it is followed by more or less complete 
inactivity. 

The initial attacks occurred in the first year of 
life and the parents who were well acquainted with 
the disorder were able to recognize the presence 
of the trait regularly during the first months of 
life. The episodes tended to be most frequent 
during childhood and adolescence, gradually de- 
creasing in severity and frequency with advancing 
age although they still occurred in aged individu- 
als. There was a moderate degree of variability in 
the severity of the syndrome from patient to pa- 
tient, some being only occasionally inconvenienced, 
others having attacks of such severity that they 
must miss work on the average of one day per 
week. In the individual patient as well, a long 
period during which little trouble was experienced 
might be followed by frequently recurrent attacks 
for periods lasting a few days or many months. 
Such periods were often associated with continued 
emotional stress. 

On physical examination two observations could 
be made almost routinely even though the patient 
felt that he was normal at the time. A slight but 
definite degree of weakness was present in the 
extensors of the arms and legs which was sufficient 
to show up in sharp contrast to the good strength 
present in the flexors. These patients presented 
the appearance of muscular, hearty individuals, a 
fact which had caused certain of the male members 
no end of difficulty in dealing with the armed serv- 
ices where weakness in an apparently muscular 
individual is presumed to be evidence of laziness. 
The muscular appearance was particularly marked 
in the calf muscles and extensors of the arms, and 
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was indistinguishable clinically from the pseudo- 
hypertrophy of childhood progressive muscular 
dystrophy, as previously discussed by one of us 
(35). 
ent from those observed in the pseudohypertrophy 


Pathologically the findings are very differ- 


of dystrophy, as will be described below. 
The 


symptoms are usually more severe in the males, 


The syndrome appears in both sexes. 


possibly because of the somewhat more vigorous 
activity in which they engage and the relationship 
of exercise to the episodes of paralysis outlined 
above. 
LABORATORY STUDIES 

No significant laboratory abnormality has been 
observed in the five male patients whom we have 
studied in detail except for the occurrence of high 
serum uric acid levels in two. No history sugges- 
tive of gouty arthritis was obtained on these nor 
members of the 


on other normal or abnormal 


group. Table I is a summary of the routine and 
certain special determinations which were per- 
formed. The fasting serum potassium values, 
taken at times when no significant degree of paraly- 
sis existed, were normal. Those presented are 
representative figures taken from a large series of 
determinations, none of which was abnormal. 
The normal creatinine excretion values are con- 
sistent with the apparently normal muscle mass. 
Creatine excretion was insignificant. Volumes of 
packed red cells ranging about 50 per cent cor- 
respond to normal male values for this area which 


is over 4,000 feet above sea level. 
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The results of some of our attempts to induce 
attacks by the administration of glucose or glucose 
None of 


these was successful in producing a significant 


and insulin are summarized in Table IT. 


change in the degree of disability present at the 
start of the tests although serum potassium levels 
of about 3.1 meq./L were observed on several 
occasions. 

Simultaneous urine collections showed a marked 
drop in the excretion of potassium, as is regularly 
observed during the hypopotassemia following 
carbohydrate or insulin administration. Thus the 
metabolic picture observed by Danowski has been 
reproduced without precipitating an attack of 
paralysis. The time relationships are shorter 
which possibly is a significant factor in the prob- 
lem. No exactly similar experiments have been 
carried out in other cases of periodic paralysis as 
far as the authors are aware and we have not had 
an opportunity up to the present to duplicate the 
observation in a patient showing definite hypo- 
potassemia during spontaneous attacks. It is note- 
worthy, however, that in nearly all of the pre- 
viously reported patients in whom carbohydrate 
or insulin appeared to have been related to attacks, 
the paralysis developed after a delay of six or more 
hours and not at the time of maximum hypopotas- 
semia. We observed no significant increase in at- 
tacks of paralysis in our patients during the 24 
hours following these experiments. 

Glucose tolerance was certainly not impaired in 


any of these tests. The rather low 30 and 60 min- 


TABLE I 


Serum, whole blood and urine studies in hereditary periodic paralysis 


| 

| Gtk 

| 10 
Male 


" 


Potassium, neq./L | 5.7 
Sodium, mey./L 

Magnesium, meq./L 

Calcium, meq./L 

Phosphate, mg./100 ml. as P 

CO, combining power, mM./L 

Chloride, meq./L 

Uric acid, mg./100 ml. 

Total protein, gms./100 ml. 

Albumin, gms./100 ml. 

Fasting blood sugar, mg./100 ml. | 78 
Blood urea nitrogen, mg./100 ml. 10 
Routine clinical urine examination Normal 
Creatinine, mg./24 hrs. urine 754 
Creatine, mg./24 hrs. urine as creatinine 70 
Het., % RBC 42 
WBC in thousands/mm.* 
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Blood sugar, serum potassium and serum phosphate values after oral or 
glucose with or without insulin 


rime in minutes 


Blood glucose, mg./100 ml. 


Pr. K. B. 


96 gms. glucose 


Serum potassium, meq./L 

Serum sodium, meq./L 

Serum phosphate, mg./100 
ml. , 


as 


Blood glucose, mg./100 ml. 


T. K.B. 
100 gms. glucose 
orally 


Serum potassium, meq./L 
Serum phosphate, mg./100 
ml. as P 


Blood glucose, mg./100 ml. 


M. M.B. 


100 gms. glucose 


Serum potassium, meq./L 
Serum phosphate, mg./100 
ml. as P 


Blood glucose, mg. “% 

Serum potassium, meq./L 

Serum sodium, meq./L 

Serum phosphate, mg./100 
ml. 


M. M. B. 
200 gms. glucose 
orally 


Blood glucose, mg./100 ml. 


BL. R. 


35 gms. glucose 


Serum potassium, meq./L 
Serum phosphate, mg./100 
ml. as P 


Blood glucose, mg./100 ml. 


BIL. R. 
100 gms. glucose and 
25 units insulin LV. 


Serum potassium, meq./L 

Serum magnesium, meq./L 

Serum phosphate, mg./100 
ml. P 


as 


Blood glucose, mg./100 ml. 


Bu. R. 
200 gms. glucose and 
30 units insulin [.V. 


Serum potassium, meq./L 
Serum phosphate, mg./100 
ml. as P 


ute blood glucose levels after oral administration 
might suggest either impaired absorption or in- 
creased glucose tolerance. Intravenous glucose 
tolerance tests using one-half gram of glucose per 
kilogram of body weight showed normal curves in 
three patients and no other evidence of altered 
Dur- 


ing episodes of mild and severe paralysis we have 


carbohydrate metabolism could be obtained. 


obtained repeated serum samples which have been 
analyzed for sodium, potassium, and magnesium, as 
All of these 
A few are 


well as a number of other substances. 
values have been consistently normal. 
presented in Table III; the values during attacks 
are those obtained at the time paralysis was most 
severe. 

Additional comment about the serum potassium 
values seems in order because of the many previous 
observations of depressed levels. On two occasions 
we have obtained multiple samples at approxi- 
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Il 


. administration of 


0 d 240 


mately 15 minute intervals during artificially in- 
duced attacks (exercise followed by enforced rest). 
The serum potassium values on these occasions 
varied over a narrow range (0.4 meq.) and showed 
no consistent pattern or correlation to the degree 
of paralysis at the time the serum was obtained. 
taken the attacks 
showed no change from the control tracings. 

meq./L 


Electrocardiograms during 

We have observed no values below 3.5 
except in association with the glucose-insulin in- 
fusions. All of the values were in the same range 
as observed in normal individuals in our laboratory. 

Oral therapy with potassium chloride, either 
prophylactically or during an attack, failed to in- 
fluence the course of the disorder. However, we 
have not had the opportunity to observe the effect 
of potassium given orally or intravenously during 
an episode of severe paralysis of more than about 
one hour’s duration, and the possibility, albeit im- 
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TABLE III 


Serum electrolyte values before and at the time of 
maximum paralysis in four patients 





Serum magnesium 
meq./L. 


Serum potassium 
meq./L. 
Patient 





| 
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During 
attack 


Before 
attack 


During 


| 
| 
attack | | 


Change Control 


| 
| 
| 
| 
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probable, exists that the effect might be different 
Actually all of the 
group who have taken potassium prophylactically 
by mouth dislike the medication and report that 
they have experienced just as many and as severe 


under such circumstances. 


attacks while receiving such therapy as at other 
times. In addition, a number have experienced 
nausea, dizziness, and a vague lack of well-being 
while taking potassium, and all have discontinued 
it within a few weeks of its first administration. 


PATHOLOGY 


Three patients submitted to biopsy of their en- 
larged gastrocnemius muscle mass. Grossly the 
muscles appeared essentially normal, contracted 
on mechanical stimulation, and showed no evidence 
of fatty replacement or of fibrosis. 

Microscopically, characteristic degenerative 
changes were recognized in the muscle of all three 
patients but the degree of change varied widely. 
In the sample which showed the slightest degree 
of alteration, most of the fibers were well preserved 
and their strial markings were clearly defined but 
their diameters exhibited greater than normal vari- 
ation. Some fibers were unusually slender and 
were stained more strongly with eosin than were 
the fibers of normal size. Irregular clusters of 
nuclei appeared along the more slender portions 
and, in a few foci, appeared to replace the sub- 
stance of fibers. In other places, portions of fibers 
were missing and the spaces were partly filled by 
pycnotic nuclei, monocytes, polymorphonuclear 
neutrophils, fibrocytes and a few well preserved 
characteristic feature 


muscle nuclei. The most 


was the presence of vacuoles near the centers of 
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a few fibers and appearing at sites of fusiform 
enlargement (Figure 1). The largest of these were 
round, fusiform or oval, occupied the entire diam- 
eter of the fiber and were limited laterally only by 
sarcolemma. The smaller spaces appeared to 
arise within sites of basophilic degeneration where 
longitudinal and transverse striae were absent 
and acidophilic granules appeared. The vacuoles 
occurred as multiple foci of rarefaction, sometimes 
lined up along the axis of the fiber like a string 
of beads. The larger vacuoles, apparently formed 
by coalescence of several small ones, often con- 
tained acidophilic granules and occasionally were 
filled with faintly basophilic coarse granules. A 
few contained one or two pycnotic nuclei. 

In the sample of muscle exhibiting the most ad- 
vanced degree of degeneration, very few muscle 
fibers appeared normal although many retained 
their striae. Irregularly swollen, hyalinized fibers 
alternated with degenerated fibers containing vacu- 
oles of all sizes and shapes. Areas of segmental 
disintegration were often associated with an in- 
creased number and pycnosis of nuclei. Some 
portions of fibers were represented by amorphous 
acidophilic debris. 

Sudan IV and 
hematoxylin failed to show abnormal quantities 


Frozen sections stained with 
or distribution of lipids. 

Sections of muscle, fixed in absolute alcohol and 
stained by Best’s carmine method, showed marked 
irregularity of distribution of glycogen granules. 
Many coarse granules were found in those por- 
tions of the fibers which appeared swollen and de- 
generated. Some of the vacuoles contained amor- 
phous masses and coarse granules which were 
carmine-positive but many of the vacuoles were en- 
tirely empty or contained unstained debris. 

Two of the biopsy specimens were analyzed for 
total glycogen content. The values, together with 
those of two control specimens from human ma- 
terial, are listed in Table [V. It will be noted that 
all of the values fall within the normal range for 
muscle glycogen. 

TABLE IV 
Glycogen content of muscle 
Glycogen as gms 
glucose /100 gms 
Muscle tissue 


1.01 
0.46 
1.33 
0.76 


Patient 
M. M.B. 
Bu. R. 
Control i 
Control 2 


Gastrocnemius 
Gastrocnemius 
Rectus Abdominus 
Rectus Abdominus 
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Fic. 1. THuree PHOTOMICROGRAPHS ILLUSTRATING THE 
Microscopic CHANGES FouNp IN Biopsy SPECIMENS FROM 
THE GASTROCNEMIUS MUSCLE 

Note the central location of the vacuoles in (a) both in 
longitudinal and cross sections and the irregular size of 
the muscle fibers. The more extensive changes in (b) 
and (c) are apparent, some fibers showing almost com- 
plete replacement. The sections were stained with he- 
matoxylin and eosin and are magnified about 78 diameters. 


FAMILY HISTORY 

Figure 2 is a pedigree chart of the kindred re- 
ported in this study. I-1 and I-2 migrated to Utah 
in 1854. They had three daughters (II-1, 2, 3). 
II-1 died at the age of 13. III-8 and 9, daughters 
of II-3, state that their mother was affected with 
periodic paralysis and that she told them that her 
mother (I-1) and sister (II-2) were also affected. 
II-2 had five children all of whom are now dead. 
Interviews with their children, or with other mem- 
bers of the family who were in a position to know 
of their condition, indicated that none of the five 
children nor their descendants was affected with 


periodic paralysis. The condition of II-1 is rot 


known. 
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Fic. 2. PEDIGREE CHART OF KINDRED 
Note that only affected individuals transmit the trait. 


The husband of II-3 was a polygamist. He had 
ten children by his second wife (II-5) none of 
whom was affected with periodic paralysis. With 
the exception of I-1 and II-2, all of the known 
cases of periodic paralysis in this kindred descended 
from II-3. Neariy all members of the kindred are 
now living in Utah. 


INHERITANCE 


Examination of Figure 2 shows that the trait 
is transmitted through one family line and that it 


TABLE V 


Segregation of children of 16 individuals affected 
with periodic paralysis 








Affected Normal 
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never occurs in a child unless it has also occurred 
in a parent. Table V shows the numbers of nor- 
mal and affected individuals by sex in the families 
in which the trait occurred. It includes all of the 


known offspring of individuals who have periodic 
paralysis in this kindred. Table VI compares the 
totals of Table V to the expected results if the 
trait is inherited as a dominant with complete 


penetrance. 

It is apparent that the trait occurs in approxi- 
mately the same frequency in males and females 
and that approximately one-half of the children of 
an affected parent show the trait. This suggests 
that in this kindred, periodic paralysis is attribut- 
able to a simple dominant gene having complete 
penetrance. The deviation from the expected inci- 
dence is very slight. Since no two individuals 
showing the trait and no two relatives have mar- 
ried, affected individuals must be presumed to be 
heterozygous (Pp). The crosses, therefore, which 
have produced affected children, are back crosses 
(Pp X pp) and should produce one-half affected 
and one-half normal children. Since we have no 
homozygous individuals, there is no way of deter- 


TABLE VI 


Statistical comparison of data on this kindred with the 
theoretic behavior of a dominant trait 








Calcu- Devia- S.E. 


Observed lated tion 





Affected 32 34 


Normal 36 34 
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mining whether or not the dominance is complete. 
It is possible that the trait would be expressed 
differently in the homozygous condition, 

Blood samples have been taken and determina- 
tions made for A, B, M, N and the various Rh 
antigens. Taste reactions to PTC were also de- 
termined. It was possible to obtain data from 
nearly all of the families segregating for paralysis 
who are now living. The data, however, were in- 
sufficient to warrant any conclusion regarding 
linkage relationships. 


EUGENIC IMPLICATIONS 


In this kindred, periodic paralysis can be de- 
tected readily by members of the families con- 
cerned. Each individual showing the trait is 
heterozygous and stands an equal chance of trans- 
mitting or not transmitting it to each of his chil- 
dren. The trait can be eliminated only if each af- 
fected individual refrains from having children. 
Unaffected individuals do not transmit the trait. 


DISCUSSION 


A number of unanswered problems remain con- 
cerning the disorder which we have observed in 
this group of people. Clinically the ~process is 
nearly identical with previously described cases 
of periodic paralysis whether hereditary or ap- 
parently sporadic. On the other hand, the failure 
to demonstrate any relationship of the attacks of 
paralysis to serum electrolyte concentrations, par- 
ticularly the absence of hypopotassemia, sets the 
group apart from the best studied cases reported 
in the literature. Were it not for the defects which 
were discussed earlier, in the concept that serum 
potassium depletion is the fundamental mechanism 
leading to the paralysis in other cases, it might be 
concluded that we have been dealing with an en- 
tirely different disorder. This is hardly justified, 
however, in the light of the variability of the 
previously reported cases ‘and the clinical indistin- 
guishability of this syndrome from them. It is 
possible that all types of periodic paralysis are due 
to a single pathogenetic mechanism the nature of 
which has not been identified. However, the evi- 
dent hypopotassemia seen in other patients makes 
this rather improbable, and therefore it is more 
likely that there are two or more types of periodic 
paralysis. 
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The frequently reported relationship of at- 
tacks to carbohydrate ingestion led us to postulate 
the possibility of some abnormality in the immedi- 
ate availability of glycogen in muscle for the pro- 
duction of energy. Our studies to date have yielded 
no evidence to confirm such a theory ; instead they 
have only served to emphasize the poor relation- 
ship between carbohydrate administration and at- 
tacks in this kindred. 

The unusual pathologic picture of vacuolization 
of muscle fibers has been observed before, as far 
as we are aware, only in acute traumatic or in- 
fectious injury of muscle or in experimental ob- 
struction of the deep lymphatics. The lack of in- 
flammatory cells or evidence either clinically or 
pathologically of lymph stasis in these patients is 
not consistent with such an explanation here, how- 
ever. A somewhat similar but more severe lesion 
has been observed in glycogen storage (von 
Gierke’s) disease in children. The possibility that 
the disorder which we have described represents a 
related phenomenon in which only the muscle was 
involved seemed reasonable. However, our in- 
ability to demonstrate excess total glycogen or 
microscopic distribution of glycogen in the muscle 
fiber characteristic of that disorder makes this 
highly improbable. 

The clean-cut genetic pattern of dominant in- 
heritance with complete penetrance which we have 
found is in contrast to the findings in some of the 
previously reported families. This would appear 
to be additional evidence of the multiple character 
of the genetic mechanisms which result in the clin- 
ical syndrome of periodic paralysis. However, as 
we have emphasized previously (36), it is diffi- 
cult to obtain reliable genetic data unless many of 
the normal and abnormal individuals are exam- 
ined. In many published reports this was not 
done. 


CONCLUSIONS 


1. A study of periodic paralysis occurring in 33 
individuals in seven generations of a single kindred 
is reported. 

2. Clinically the disorder begins in infancy with 
recurrent attacks of weakness or flaccid paralysis. 
Some extensor weakness and enlargement of mus- 
cles is evident at all times. 

3. The attacks are most consistently produced 
by vigorous exercise followed by complete rest. 
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4. No correlation of the attacks with the serum 
potassium or other electrolyte concentrations 
could be established. 

5. An unusual pathologic picture of vacuoliza- 
tion of scattered muscle fibers was found in biopsy 
material. Neither fat nor glycogen could be dem- 
onstrated in the vacuoles and it is presumed that 
they contained only edema fluid. 

6. The pattern of inheritance is that character- 
istic of a simple mendelian dominant trait with 
complete penetrance. 
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INTRODUCTION 


The regulation of breathing during muscular 
exercise has been the subject of much work and 
speculation. Most of the experience has been 
gained with subjects in good physical training. 
In general, blood chemical changes in these sub- 
jects have not been great during exercise, and it 
has been difficult to account for the amount of 
ventilation on the basis of these changes and other 
known respiratory stimulants. The present study 
was done on untrained subjects in only fair physi- 
cal condition. It seemed likely that the coordina- 
tion of various respiratory drives would be less 
smooth in untrained subjects than in trained per- 
sons, so that the part played by different stimuli 
might become more obvious. The conduct of such 
studies has been simplified by the recent develop- 
ment of techniques for recurrent sampling of ar- 
terial blood during the course of exercise. Nearly 
all past studies have had to rely on indirect means 
of estimating arterial blood changes. 


METHODS 


The subjects were 11 male physicians and medical stu- 
dents in normal health but not in physical training. They 
ranged in age from 22 to 35 years and in surface area 
from 1.86 to 2.12 sq.m. They were not fasting and came 
to the experiment directly from their work. Arterial 
blood samples were taken from the brachial artery 
through an in-lying Cournand needle attached by flexible 
plastic tubing to a series of three way stopcocks. Blood 
was taken into syringes wet with heparin. For pH deter- 
minations, sodium fluorice was added as a preservative. 
The syringes were capped and stored in ice water. 
Analyses were completed within two to four hours. The 
subjects breathed through a Douglas valve into a re- 
cording spirometer. For determination of oxygen con- 
sumption the expired air was diverted into a Douglas bag. 
Gas mixtures other than air were supplied to the inspira- 
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tory side of the system from large Douglas bags. These 
mixtures consisted of 15% O, in N,, tank oxygen (99.5%), 
and 5% CO.,, 21% O, in N;. Resting measurements were 
made with the subject seated. Ventilation was also meas- 
ured with the subject standing, just before exercise. Ex- 
ercise was carried out in an airconditioned room at 25° C. 
on a treadmill at a speed of 5.1 miles per hour on a 3.5% 
grade. For most of the subjects this exercise rate was 
fairly severe. Oxygen consumption, measured in eight 
subjects about five minutes after beginning exercise, was 
2,290 + 90 cc./min. (range: 1,760 —2,610). Ventilation 
was recorded continuously and is expressed as ventilation 
at room temperature (25+ 1° C.).3 Arterial blood sam- 
ples were taken at points during the breathing of various 
gas mixtures, at rest and exercise, when it became evi- 
dent from the respiratory tracing that the ventilation rate 
had been nearly steady for at least 30 seconds. The sub- 
jects were studied on two separate days, one of which 
was devoted to the effects of the carbon dioxide mixture, 
and the other to the effects of the various oxygen mixtures. 
Respiratory gas analyses were done with the Haldane 
apparatus or with a Pauling oxygen meter. Arterial 
blood oxygen content and per cent oxygen saturation 
were determined by a spectrophotometric method (1). 
The pH of whole blood was measured with a Cam- 
bridge Model R pH meter equipped with an inclosed glass 
electrode. Measurements were made at room tempera- 
ture, usually 25-26° C., and the result was corrected to 37° 
C. by Rosenthal’s factor (2). This temperature was ar- 
bitrarily chosen for all pH measurements on arterial 
blood. pH determinations were made in duplicate in 
nearly every case, and duplicate determinations agreed to 
within 0.02 pH units or less. The stability of the in- 
strument was checked with a pH 4.00 acid phthalate buf- 
fer or a pH 7.01 phosphate buffer between each reading. 
The carbon dioxide content of whole blood was determined 
by the method of Van Slyke and Neill (3), and the plasma 
carbon dioxide content was estimated from this value and 
from the pH and hemoglobin by the line chart of Van 
Slyke and Sendroy (4). \*rom the pH and CO, content 
of arterial plasma at 37° C., the CO, tension of arterial 
blood was calculated by the Henderson-Hasselbalch equa- 
tion. For the calculation of CO, tension at 37° C., pK’ 
was taken to be 6.11, as found by Dill, Daly and Forbes 
(5). Where the method was evaluated, as described be- 
low, by equilibration of blood in a tonometer at 38° C., a 
pK’ value of 6.10 was used, as determined for this tem- 
perature by Hastings, Sendroy, and Van Slyke (6). 
The determination of CO, tension by this indirect means 
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depends upon several measurements and calculations, of 
which pH determination and temperature correction seem 
most liable to error. The validity of the procedure was 
therefore tested by equilibrating blood samples in tonom- 
eters with a variety of COs tensions at 38° C. The 
actual CO, tension or “direct tension” was determined by 
Haldane analysis of the gas mixture in the tonometer. 
The blood was then removed from the tonometer, cooled 
to room temperature, and determination of “indirect CO, 
tension” carried out as described above, except that pH’s 
were corrected to 38° C. In this way, 23 comparisons 
were made between direct and indirect CO, tensions. 
The direct tensions ranged from 19.5 to 58.1 mm. Hg, and 
the corrected direct pH’s from 7.59 to 7.13. The per cent 
oxygen saturation of these bloods was between 70 and 
100% in 13 instances, and between 25 and 70% in the 
remainder. The mean indirect CO, tension exceeded the 
direct by 1.62 mm. Hg, with a standard deviation of 2.03, 
and a standard error of 0.42. This difference, though 
small, was significant (P< .01). In addition, a com- 
parison of indirect arterial CO, tension with alveolar 
CO, tension was made in 17 instances. The alveolar 
airs were collected during rest and exercise with the 
variations in technique for these conditions described 
by Dill and colleagues (7, 8), and also during hy- 
perventilation on air and various CO, mixtures. Al- 
veolar airs do not provide a satisfactorily exact check 
on arterial CO, tensions, but the comparison was thought 
to be required by the possibility that changes in the blood 
during strenuous exercise might seriously invalidate the 
corrections made in the indirect measurement of CO, 
tension. The alveolar tensions ranged from 17.9 to 76.7 
mm. Hg, and the blood pH’s from 7.59 to 7.15. The mean 
indirect arterial CO, tension exceeded the alveolar ten- 
sion by 1.6 mm. Hg, with a standard deviation of 3.7. 
The difference was not significant. These agreements 
seem satisfactory. It is not clear why the indirect CO, 
tension is significantly greater than the direct. Jt seems 
most probable that the error lies in measurement of blood 
pH. The difference could be caused by a mean error of 
approximately .02 units below the true value. The devi- 
ations between direct and indirect CO, tensions were not 
more marked at extreme pH ranges than at more ordinary 
values. This is of importance because Rosenthal’s temper- 
ature coefficient for whole blood was established for a pH 
range of 7.25 to 7.45, while the temperature coefficient of 
serum has been found to vary considerably at extreme pH 
ranges (6.6 ind 7.8) (5). The present results indicate 
that Rosenthal’s coefficient for human whole blood can 
satisfactorily be extended over the pH ranges encountered 
in this study. 


RESULTS 


The data on each subject relating respiratory 
volume to arterial blood measurements at rest and 
exercise and during the breathing of various gas 
mixtures are presented in Tables I and II. 
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Resting arterial blood 


The mean values for resting arterial blood are 
presented in Table III. Of the 11 subjects, ar- 
terial blood was obtained from one on only a single 
occasion, and from two subjects on three occasions. 
In the remaining eight, samples were taken during 
two separate trials. In determining mean values 
each subject was given equal weight. The arterial 
oxygen saturation is within the general range of 
recent reports by Comroe and Walker (97.5%) 
(9), Wood and Geraci (97.9%) (10), and Drab- 
kin and Schmidt (98.6%) (11). The pH is some- 
what lower than that found for arterial blood by 
Dill, Edwards, and Consolazio (12) (7.40) and 
by Dill and associates (7.39) (13), but higher 
than that reported by Barr, Himwich, and Green 
(7.30-7.36) (14). The CO, tension is slightly 
higher than that reported by Dill and colleagues 
(41.0, 40.9) (12, 13), higher than that of Lilien- 
thal and coworkers, by Riley’s direct method 
(37.8) (15), close to that of Galdston and Wol- 
lack (42 direct, 44 indirect) (16), and less than 
that of Barr and colleagues (44-45) (14). As 
noted above, the mean CO, tension is probably 
about 2 mm. Hg too high, and the pH .02 units too 
low. In addition, the values are probably affected 
by the small dead space of the respiratory appa- 
ratus, and are almost certainly affected by the fact 
that the subjects were not in a basal state, but came 
to the experiment directly from their daily activi- 
ties. Under these conditions the variability in pH 
and CO, tension among normal subjects was quite 
striking. 


Arterial blood changes during exercise 


The present observations are not directly com- 
parable to many of those reported in the literature 
for the reason that the exercise period was too 
short in most cases for the subject to reach a steady 
state. In addition, the subjects were untrained, 
and the exercise accordingly varied in its relative 
severity. For some subjects it was severe enough 
to preclude reaching a steady state. 

The arterial blood oxygen capacity rose in all 
subjects, the mean increase being 6%. This is 
within the general range previously reported (8, 
14, 17-19). The increase had reached nearly its 
full value after three minutes of exercise. The 
per cent oxygen saturation gradually declined dur- 
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TABLE I 
Effect of 5% CO2 during exercise 
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TABLE II 
Effect of 15% Oz and tank Oz during exercise 
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TABLE Ill 


Mean arterial blood values of 11 subjects at rest and during exercise 
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ing the exercise period, falling by an average of 
2.2%. A similar fall has been reported by Asmus- 
sen and Nielsen (20). The arterial oxygen ten- 
sion has been found to fall during exercise (15). 
In addition, the pH fall in our subjects would have 
the effect of shifting the oxyhemoglobin dissocia- 
tion curve so that the per cent saturation would be 
less for a given oxygen tension. 

For the group as a whole there was a consider- 
able fall in pH and in serum CO, content. A large 
change had occurred by the time of the first sam- 
ple, and the decline was continued in the second 
sample. Decreases of arterial pH and CO, con- 
tent during exercise are a reflection of the accumu- 
lation of lactic acid (8, 21), and changes of this 
magnitude indicate that the rate of exercise was 
severe for the group as a whole. With subjects 
in better training, exercise rates of this degree or 
much higher may be maintained without the ac- 
cumulation of large amounts of lactic acid and 
without a decline in pH (8, 22). However, with 
exercise which is severe for the subject, fall in ar- 
terial pH and serum CO, content of this general 
magnitude have been reported (14, 21, 23). Our 
experience is similar to Barr’s and Himwich’s (23) 
in the finding that resting pH and CO: content may 
not be restored for many minutes after exercise. 

The mean arterial CO, tension was slightly in- 
creased during exercise. Because of the great in- 
dividual variation, the difference between the rest- 
ing and exercising levels is not significant for the 
group as a whole. Nielsen (22) reported that the 
CO, tension falls during exercise and that the fall 
is greater with increasing severity of exercise. 
His observations were made during the steady 
state of exercise on two highly trained subjects, 
and the arterial CO, tension was calculated from 
the composition of expired air and the respiratory 
dead space. Data on this subject are relatively few. 


11’30’.) Indicated range following mean values denotes 


The observations of Barr and associates (14), 
and of Galdston and Wollack (16) showing a fall 
or no substantial change in arterial CO, tension 
were made on arterial blood drawn shortly after 
exercise was completed. Lilienthal and colleagues 
(15), measured CO, tension by Riley’s method 
in arterial blood drawn during exercise from six 
subjects. The sampling time was comparable to 
that of the present study, but, judging from the 
oxygen consumption, the severity of exercise was 
somewhat less. They found an average increase 
of approximately 3 mm. Hg in arterial CO, tension 
during work. Dill and associates have investigated 
the arterial CO, tension during exercise as meas- 
ured by “inspiratory” alveolar air. There was con- 
siderable individual variation, but the average ten- 
sion, after a steady state was reached, was not far 
from the resting value (7,8). Four trained sub- 
jects at graded work rates showed a moderate in- 
crease in CO, tension with lighter work rates and 
a gradual decline toward the resting level as the 
rate was increased (13). Briggs (24) studied sub- 
jects under a very large work load. In many of 
the best performers, there was a high CO, con- 
tent in the expired air (up to 8% in two subjects), 
indicating a very high arterial CO, tension. In 
short, the available evidence indicates that the ar- 
terial CO, tension during exercise may rise, fal’, 
or remain nearly unchanged depending upon the 
individual subject, the work rate, and the dura- 
tion of work. In four cases in the present study 
the CO, tension within one minute after exer- 
cise was found to be substantially the same as the 
original resting value. 


The course of ventilation during exercise 


At the start of exercise, as found by Krogh and 
Lindhard (25), there is an immediate increase in 
ventilation. With our subjects, this increased ven- 
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tilatory rate was maintained with relatively minor 
fluctuations, particularly in the first four to five 
breaths, for roughly a minute. A rather sharp 
further increase in ventilation then occurred. This 
sharp “secondary rise” in ventilation was present 
consistently except in one subject, T., in whom it 
appeared in only one of three trials. The secondary 
rise usually took place within a period of one to 
three breaths. The time at which the secondary 
rise occurred varied from 30 to 67 seconds after 
the onset of exercise, with an average time of 52 
seconds. The mean increase at this point was 
10.4+1.6 1./min. The ventilation thereafter rose 
much more gradually and smoothly, reaching a 
steady state in some cases. This secondary rise 
seems not to have been commented upon before, 
although close observations of breathing during 
early exercise have been made by Krogh and Lind- 
hard (25) and by Asmussen and Nielsen (26). 
Their subjects were in good physical condition. 
Continuous recordings of ventilation throughout 
the course of exercise have been made by Rahn 
and Otis (27) and by Bruce and coworkers (28), 
without the finding of a sharp break in ventilation. 
In these studies the subjects were untrained, but 
the work rate was quite mild. 
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It seemed possible that the secondary rise might 
reflect the beginning of arterial blood changes re- 
sulting from exercise. This possibility was exam- 
ined in two further subjects who showed a well- 
marked secondary rise on moderate exercise (cor- 
responding to an O, consumption of about 1,400 
cc./min.). The results are presented in Table IV. 
It is apparent that there was a rapid fall in pH and 
a rise in arterial CO, tension during early exercise. 
The total extent of these changes, as measured by 
the effect on ventilation of breathing CO, at rest, 
could account roughly for the magnitude of the 
secondary rise. However, the ventilation rise is 
sharp, while the blood chemical changes are more 
gradual. This difference may reflect a lag be- 
tween arterial blood changes and the ventilatory 
response. It seems possible only to conclude that 
chemical changes may occur quite early in the ar- 
terial blood of untrained subjects even during mod- 
erate exercise, and that these changes may be re- 
sponsible for the secondary rise in ventilation. 

On stopping exercise, there was usually a sharp 
decrease in the ventilation rate, as noted by As- 
mussen and Nielsen (26). The magnitude of this 
decrease varied greatly. The mean fall was 8.8 + 
2.6 1./min. Because of individual variation, there 


TABLE IV 


Ventilation and arterial blood changes during early exercise and while breathing CO+:-enriched air at rest 








Sampling time after 


starting exercise Comment 


Subject 


Ventilation Serum CO: pH at 37° C. COs tension 





R. M. 


Rest 
32”-41” 


Secondary vent. rise to 
19.8 1./min. begins at 63 
sec. 

71 ey atl 
3'23"-3'33”" 
Rest 
Rest 


28 min. after exercise 
Breathing 3-4% CO: for 
4 min. 

Rest 
16"-26" 


45”-55” 

Secondary vent. rise to 

32.5 1./min. begins at 52 

sec. 

2'49"’-3'04” 
Rest 
Rest 


22 min. after exercise 
Breathing 4-5% CO: for 
24 min. 











(mm. He) 
41 
45 


(1./min., 25° C.) 
8.8 
be 


(vol. %) 
53.6 
55.5 


51 
43 
53 


53.1 
52:5 
56.5 














* Average after first four to five respirations (about 1 
exercise at 4 mph and a 4% grade, subjects in poor training. 
an increase in CO; tension. 


5 seconds) until secondary rise in ventilation. Treadmill 
A sharp “secondary rise” in ventilation is associated with 


Subjects show normal response to breathing CO, at rest. 
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was no significant difference between the magni- 
tude of the immediate increase at the beginning of 
exercise and the decrease at the end. 


The effect of breathing 5% CO, 


In comparing the effect on ventilation of breath- 
ing 5% CO, at rest and during exercise, the diffi- 
culty arose that a number of our subjects were un- 
able to continue exercise with the gas mixture long 
enough to reach a steady state. Accordingly, the 
mixture was given until it was evident from the 
respiratory tracing that the ventilation was no 
longer changing rapidly, and arterial samples were 
then taken. For comparison, the same procedure 
was adopted in the resting state. _The average time 
on CO, at rest was two minutes and during exer- 
cise one and one-half minutes. The average time 
needed to reach a steady state on 5% CO, at rest 
probably exceeds five minutes and in individual 
cases may be much more (22, 29, 30). However, 
the breathing time used in the present study covers 
the period of rapid change in ventilation. In meas- 
uring the effect of CO, inhalation during exercise, 
it was necessary to select control levels for ventila- 
tion and arterial CO, tension. This was compli- 
cated by the fact that the subjects were not in a 
steady state, and ventilation was consequently in- 
creasing with time, apart from the effect of CO,. 
As shown in Table I, during the same exercise pe- 
riod control measurements were made while the 
subject was breathing air, both before and after 
the administration of CO,. The control value for 
ventilation while the subject was breathing CO, 
was estimated by assuming that the ventilation time 
curve would have followed a straight line between 
these two points if the subject had continued on 
air. The mean values for the two points on air, 
before and after giving CO,, were 46.6 1./min. at 
three and one-half minutes of exercise, and 58.3 
1./min. after seven and one-half minutes of total 
exercising time.* The mean estimated control ven- 
tilation during CO, breathing was 53.3 1./min., 
while the mean actual ventilation was 73.0 1./min. 
The estimated control ventilation is a little too 


4The four minutes between these sampling times in- 
cluded one and one-half minutes each on CO, and air, with 
approximately 30 additional seconds after each period 
which were occupied in completing the blood sampling 
and observing the ventilation rate to insure that it was 
not changing rapidly. 
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TABLE V 


Mean effect on 10 subjects of breathing 5% 
and during exercise 


» COz at rest 








CO: Ventilation change/COs 
tension tension change 


Niki 





(L./min., 

25° C.) 

Rest 8.3 40.9 
Rest, 5% COs 15. eek 4 
+4.2 

+7.5 


(mm. He) (L./min./mm. Hg) 
41.8+1.5 
§2.6+1.4 
*) 46.942.1* 
65.5 +2.0 


.80+.24 
Exercise 53.3 


Exercise, 5% COs | 73.0 1.05 +.20 











* Expected values, calculated from measurements during 
exercise before and after the administration of COs See 
text. 


low because the ventilation-time curve is not a 
straight line but is convex upward. The apparent 
effect of CO, is thereby magnified, but the effect 
is not great. In the second control period, meas- 
urements were made at an average of one and one- 
half minutes after changing from CO, to air. It 
might have been expected that measurements dur- 
ing this period would still be much influenced by 
the preceding CO, inhalation. However, the mean 
ventilation at this point (58.3 + 4.4 1./min.) was 
not significantly different from that of the last 
control period in the oxygen experiments (56.0 + 
5.4 1./min.), which are described in the next sec- 
tion. In most of the latter, the preceding gas mix- 
ture was tank oxygen, which depresses ventilation 
instead of elevating it. It is concluded that ventila- 
tion in the second control period was not signifi- 
cantly influenced by the preceding gas mixture in 
either case. The mean CO, tension was approxi- 
mately 47 mm. Hg in each control period. There 
was very little individual change between periods, 
and a simple average was taken for the CO, tension 
to be expected if the subject had continued on air. 
It appears that there is a rapid recovery from the 
effect of inhaling CO, during exercise. 

The mean results for 10 subjects are presented 
in Table V. The mean ventilation response to an 
increase in arterial CO, tension during exercise 
exceeds that at rest, but the difference is not sta- 
tistically significant (0.3 << P < 0.4). It was sug- 
gested by Nielsen (22) that the respiratory center 
becomes more sensitive to CO, during exercise, 
and that this change is an important factor in the 
regulation of breathing during exercise. Under 
the conditions of the present experiment, there is 
no evidence that exercise has sensitized the re- 
spiratory center to CO, in the sense that the ventil- 
atory response to a given increment in CO, ten- 
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sion becomes significantly greater. The same 
conclusion was reached by Grodins (31) from an 
examination of Nielsen’s data. The magnitude of 
the response to 5% CO, at rest is somewhat lower 
than usual, probably because of the short exposure 
time. The mean pH fall as a result of breathing 
CO, was slightly greater during exercise than at 
rest. As a corollary to the first conclusion, there 
appears to be no evidence that exercise produces 
any marked respiratory sensitivity to a fall in ar- 
terial pH. 


The effect of high and low oxygen concentrations 


In 1920 Briggs (24) observed that breathing 
oxygen-enriched air during severe exercise de- 
creased the ventilation rate. The effect was 
greater the more severe the exercise, and for a 
given exercise rate the effect varied inversely with 
physical fitness. The finding has been confirmed 
abundantly (20, 22, 27, 32, 33). Conversely, it is 
known that ventilation for a given work rate is 
greater at high altitudes (13, 34, 35) or while 
breathing low-oxygen mixtures (15, 27, 36, 37) 
than it is at normal oxygen tensions. In the pres- 
ent study a trial was made of the effect on ventila- 
tion of changing from air to 15% O, in_N, and to 
tank oxygen. 

The first control measurements were made after 
about three minutes of exercise. The subject was 
then switched to 15% oxygen, and thereafter to 
air or tank oxygen. In all cases there were two or 
three control periods on air, as indicated in Table 
II. The time on each mixture was roughly one and 
one-half minutes before measurements were made. 
The subjects did not know the order in which 
mixtures were given and the changes were made 
without their knowledge. The method of deter- 


TABLE VI 


Mean effeci on 11 subjects of breathing 15% O2 and 
tank O2 during exercise 








Ventilation 
change 


% Arterial 


Ventilation Os saturation 





(1./min., 25° C.) 
52.1+4.8* 
61.6+6.5 
55.845.3* 
47.44+3.9 


(i./min.) 
96.9* 
85.7 
96.1* 

100.0 


Exercise, air 
Exercise, 15% O2 
Exercise, air 
Exercise, tank O2 


9.5+3.1t 
8.4+2.3t 














* Expected values, calculated from measurements during 
control periods. text. 


tp <.02. 
tp <.01. 
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mining “expected” ventilation and per cent oxy- 
gen saturation from the control periods was the 
same as described in the preceding section. The 
mean results for 11 subjects are presented in Table 
VI. Fifteen % O, caused a significant increase in 
ventilation (P < .05) and tank oxygen a signifi- 
cant decrease (P < .01), with reference to the 
rate on air. On switching gas mixtures, the change 
in ventilation rate was extremely rapid. This was 
particularly true in passing to oxygen, when a 
marked slowing was often evident within 10 sec- 
onds, or four to five breaths. With the ventilation 
changes there were corresponding changes in ar- 
terial CO, tension and pH. That is, with the lower 
ventilation under tank oxygen the CO, rose and 
the pH fell, while reverse changes occurred with 
15% O,. These secondary changes must have 
limited the extent of the oxygen effect, since they 
would force ventilation in the opposite direction. 

It is of some interest to note that the mean 
change of CO, tension was only about 3 mm. Hg 
on changing from air to either gas mixture, which 
was less than might have been anticipated from the 
change in ventilation. The short exposure time 
may not have permitted the development of a full 
change in CO, tension. In addition, it is possible 
that the different gas mixtures may have influenced 
the rate of bicarbonate breakdown and conse- 
quently of CO, excretion. From the rate of total 
blood CO, loss, it is apparent that lactic acid was 
being formed rapidly. The rate of production of 
lactic acid during work can be markedly slowed by 
high oxygen mixtures or accelerated by low oxy- 
gen (20, 36, 38, 39). 

The effect on ventilation of changing arterial 
oxygen tension is far greater during exercise of 
this severity than at rest. The effect on ventila- 


tion of inhaling high and low oxygen concentra- 
tions at rest has been studied by Dripps and Com- 
roe (40). They found a small, immediate drop of 
3.1% in ventilation on passing from air to oxygen. 
On 12% oxygen, which produced a mean fall of 


17% in arterial saturation, approximately corre- 
sponding to that of the present study, there was an 
average ventilation increase of 0.5 1./min. 


The effect of changes in arterial pH 


There has been some disagreement as to the role 
played by arterial pH in the regulation of breath- 
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TABLE VII 


Arterial blood pH, ventilation, and CO; tension in 
the post-exercise period 








Arterial 
blood COs 
tension 


Arterial 


Subject Ventilation blood pH 





(l./min., 
25° C.) (mm. Hg) 
Rest 8.8 “a 41 
post-exercise 8.1 oa 42 

28 min. 


Rest 3 “ 43 
post-exercise ; : 43 
2 min. 


Rest 5 : 44 
post-exercise , ; 45 
6 min. 


Rest ; ; 45 
post-exercise t ; 47 
8 min. 

















* Data repeated from Table IV. 


ing during exercise. Barr (14, 41), Dill, Talbott 
and Edwards (8), and Nielsen (22) found little 
correlation between pH and ventilation. From 
studies on diabetic acidosis Kety and associates 
(42) have suggested that there is a threshold for 
respiratory response at about pH 7.2. Between 
this point and pH 7.0, ventilation increased as the 
hydrogen ion concentration rose. These investi- 
gators pointed out that the arterial CO, tension 
of their patients was simultaneously decreased. 
As emphasized by Gray (43) and Grodins (31) 
such a change could mask a stimulant effect which 
might otherwise appear at higher pH levels. 

Some data on this point are available from the 
present study and are presented in Table VII. In 
the post-exercise period, ventilation and arterial 
CO, tension in these subjects have returned sub- 
stantially to their former values, while the pH is 
still .04 to .06 units below the control level. The 
pH changes are not large, but it seems possible to 
conclude that small pH changes, produced in this 
way, do not evoke much respiratory response. 
No such data are available, from this study, for 
large pH changes. As pointed out above, the find- 
ing that exercise does not generally increase re- 
spiratory sensitivity to CO, also implies that it does 
not cause a marked increase in sensitivity to a fall 
in arterial blood pH, since the pH was decreased 
considerably both at rest and exercise by CO, in- 
halation. 


Individual variation 


Individual variation is conveniently examined 
by reference to Figure 1. There is a striking dif- 
ference among subjects in response to various 
stimuli. 

The most consistent response is the immediate 
increase in ventilation on beginning exercise (Fig- 
ure 1B). Even so, this shows up to 100% varia- 
tion among subjects, and its magnitude is not 
closely related to the final ventilation volume. In 
Figure 1C is presented the abrupt fall in ventila- 


Ventilation Decrease 


G 


F 
Fallin ArteriolpH = -20 
During exercise 10 


E 

A Arterial CO2 Ten- 10 

sion, Exercise—Rest 5 
Mm. Hg a 


15 
to 5% CO2 
20 


Immediate Increase 20 


80 
Exercise Ventilation 
L/M 


40 
HRMKDLCBGS TA 


VARIATION IN PERFORMANCE OF INDIVIDUAL SuB- 
JECTS DURING EXERCISE 


Fie. 1. 


Columns at the extreme right represent the mean for 
each category. The values of categories A, B, C, E, and 
F are the averages of observations during two separate 
exercise periods, except for subject B, who had only one 
exercise period. A: ventilation during arterial blood 
sampling in the latter part of the exercise period. B: 
abrupt increase in ventilation on beginning exercise. C: 
abrupt decrease in ventilation on stopping exercise. D: 
increase in ventilation (1./min.) per mm. Hg rise in ar- 
terial CO, tension resulting from administration of 
5% CO, during exercise. E: difference between arter- 
ial CO, tensions at exercise and rest. F: fall in arterial 
blood pH during exercise. G: increase in ventilation re- 
sulting from administration of 15% O, during exercise. 
H: decrease in ventilation resulting from administration 
of tank oxygen during exercise. 
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tion on stopping work. Here there is even a 
greater variation. In some subjects there is little 
or no immediate fall, while others show a fall 
greater than the original increase. The initial in- 
crease, because of its rapidity, has been considered 
neurogenic from the time of its description by 
Krogh and Lindhard, and the same etiologic reas- 
oning is evidently applicable to the abrupt fall. 
Since the discovery by Harrison, Calhoun, and 
Harrison (44) of respiratory reflexes from pas- 
sive limb motion, considerable attention has been 
devoted to this phase of respiratory control, most 
notably by Comroe and associates (45, 46), who 
have recently concluded that passive stretch re- 
flexes can play only a minor part in respiratory 
regulation. Whether peripheral or central in ori- 
gin, the present effect is of considerable magnitude. 
It is quite possible that the actual magnitude of this 
“neurogenic factor” during exercise is not fully 
measured by the abrupt changes in ventilation on 
starting and stopping exercise. A preliminary ex- 
amination of this possibility has been made in sub- 
ject H., who customarily shows an immediate 
increase in ventilation of about 12 1./min. on start- 
ing exercise and no immediate decrease on stop- 
ping, once a large ventilation volume has been 
reached. This subject was caused to exercise re- 
peatedly for short periods with only brief recovery 
intervals. The immediate increase on passing frem 
rest to exercise amounted in the first trial to 18 
1./min., in the second, to 28 1./min., and in the 
third to 32 1./min., the last representing an im- 
mediate jump from 18 to 501./min. The possibil- 
ity exists that the neurogenic factor may increase 
during exercise and become much larger than 
indicated by the average values for starting and 
stopping effects. 

There is a very large range in sensitivity to ar- 
terial CO, tension, as shown by Figure 1D, repre- 
senting ventilation increase per mm. of arterial 
CO, tension when 5% CO, is administered during 
exercise. Wide variation among subjects in re- 
sponse to carbon dioxide at rest has also been re- 
marked (29, 30). Figure 1E presents the dif- 
ference between arterial CO, tension during the 
latter part of exercise and the tension at rest. 
There is some correspondence between CO, sen- 
sitivity (Figure 1D) and the behavior of the ar- 
terial CO, tension during exercise. Where sen- 
sitivity is high, the CO, tension tends to fall or to 
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rise only slightly during exercise. The large in- 
crease shown by D. is probably owing to anxiety 
and hyperventilation during the resting period, 
with a resultant subnormal CO, tension at rest. 
An exception is provided by S., who was sensitive 
to CO,, but still showed a considerable increase in 
CO, tension during exercise. Evidently, the im- 
portance of CO, as a respiratory regulator during 
exercise is subject to considerable individual vari- 
ation. 

The reaction to 15% oxygen and tank oxygen 
is presented in Figures 1G and 1H. Once more, 
there was a considerable range of response. In 
several cases there was much difference in sensi- 
tivity to the two mixtures. The response to tank 
oxygen was a little more consistent than that to 
15% oxygen. 


DISCUSSION 


In 1944 Comroe (47) reviewed the evidence 
dealing with respiratory regulation during exer- 
cise and concluded that a number of factors must 
act together. Subsequent work, including the 
present, has confirmed the conclusion. Efforts 
have been made to quantitate the role played by 
various of these factors. Most of this work has 
been done with well-trained subjects. It is gen- 
erally believed that neurogenic stimuli play some 
part, although there is disagreement as to whether 
reflexes originating from the limbs themselves are 
important or not (46, 48, 49). It has been held, 
on the one hand, that neurogenic stimuli are of 
primary importance in light to moderate exercise 
(50), and, on the other, that they are of little im- 
portance. Carbon dioxide has been invoked as a 
major factor on the ground that exercise increases 
the responsiveness of the respiratory center to this 
stimulus (22), and the significance of carbon di- 
oxide as a major factor has been denied on the 
ground that the alveolar carbon dioxide tension re- 
mains unchanged or falls during exercise (47). 
pH change has not been considered of first-line 
importance by most observers (8, 22, 41), but its 
possible importance has recently been asserted 
(31). Arterial oxygen tension has been dismissed 
as a regulatory factor because changes in arterial 
oxygen during exercise are slight, and change in 
arterial oxygen tension over a considerable range 
yields little respiratory response at rest (20). A 
rise in body temperature during exercise may stim- 
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ulate respiration, but this is slow to develop and 
probably would not be very effective in less than 10 
minutes (51). Because it has often seemed diffi- 
cult to account for the magnitude of ventilation 
during exercise, it has been recurrently postulated 
that an unidentified substance which acts as a re- 
spiratory stimulant is produced by working mus- 
cles, 

In the present study, using untrained subjects, 
it is apparent that a number of stimuli were opera- 
tive. Neurogenic factors, of whatever origin, 
played a significant part in initiating and maintain- 
ing ventilation. This stimulus may have been 
much larger than can be estimated from initial in- 
creases and terminal decreases in ventilation. 

Arterial carbon dioxide tension appears to have 
been effective in increasing ventilation during ex- 
ercise in at least some subjects. Since the respira- 
tory center did not become highly sensitive to car- 
bon dioxide during exercise, the effect as cal- 
culated after several minutes of exercise is not 
particularly large except perhaps in subject S., who 
was sensitive to carbon dioxide and had a sub- 
stantial increase in arterial tension during exercise. 
In those subjects who have a rapid, early decrease 


in blood CO, content, presumably owing to lactic 
acid accumulation, a rising arterial CO, tension 
early in exercise may assist in increasing ventila- 
tion. As pointed out above, this may account for 
the “secondary rise” in ventilation early in exer- 


cise. In trained subjects this secondary rise has 
not been described, and trained subjects show little, 
if any, early increase in alveolar CO, tension (8, 
22) corresponding to that found in the arterial 
blood of some of our untrained subjects. 

The effect of changing the arterial oxygen ten- 
sion is of considerable interest. The ventilation re- 
sponse is very rapid, and its magnitude is many 
times greater than at rest. This effect appears in 
exercise which is severe for the subject, and the 
effect becomes more pronounced as the severity in- 
creases (20, 24). The response is too immediate 
to make it likely to result from changes in blood 
concentration of some substance produced by 
anaerobically working muscles. It has been sug- 
gested by Asmussen and Nielsen (20) that an 
increase in oxygen tension could act by decreasing 
chemoreceptor sensitivity to such a substance. If 
so, one would need to postulate that the substance 
continues to be produced on oxygen at the same 
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rate as on air, although lactic acid production is 
decreased by oxygen. This is because the results 
of these investigators show an immediate return 
of ventilation to the same steady rate as before 
when the subject is switched back to air. It seems 
a little simpler to assume that the chemoreceptor 
system becomes more sensitive to the arterial oxy- 
gen tension itself, or that the respiratory center 
becomes more sensitive to the “tone” which is 
known to exist at normal oxygen tensions in the 
resting state (40). In the latter case, the oxygen 
effect could be regarded as a variety of neurogenic 
stimulus which becomes more active the more se- 
vere the exercise. There is some evidence in ani- 
mals for a respiratory drive from increased chemo- 
receptor tone, or increased responsiveness to the 
existing tone, during electrically induced work 
(49, 52). The development of this effect during 
exercise can make a significant contribution to the 
total ventilation. Normally, it can not provide 
for a very close regulation of ventilation because 
the effect does not vary greatly with a small change 
in oxygen tension. It is probably important in 
the close regulation of breathing during exercise 
at high altitudes and in patients with pulmonary 
disease who have a decreased arterial oxygen ten- 
sion. For reasons outlined by Bohr (53) and 
Barcroft (54) and put to experimental trial by 
Lilienthal, Houston, and others (15, 35, 55), the 
arterial oxygen tension can fall markedly during 
exercise when it is already low at rest. 

The large falls in arterial pH which occurred 
during exercise in some of our subjects would be 
expected to have some stimulant effect on respira- 
tion. Our experience, however, is similar to that 
of others in finding no close correlation between 
ventilation and pH in a given subject. As pointed 
out before, we find no evidence that the respiratory 
response to a fall in pH becomes very great during 
exercise. 

Among the factors known to be operative in the 
present study, then, are a “neurogenic factor” 
which may increase during exercise, a changing 
arterial CO, tension, the development of what is 
provisionally regarded as an increased chemore- 
ceptor tone to oxygen, and a considerable fall in 
pH. Recently, Gray (43) and Grodins (31) have 
approached the problem of multiple respiratory 
stimuli by assigning quantitative values to the 
stimulant effects of CO, tension, hydrogen ion con- 
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centration, and oxygen tension. If these values 
are accepted and the quantities measured, it is pos- 
sible to draw conclusions as to the intensity and 
mode of action of additional stimuli which are re- 
quired to account for the ventilation observed in 
a given situation. One of the most striking find- 
ings of the present study is the tremendous vari- 
ability among untrained subjects in the response 
to different stimuli, as well as in the extent to which 
various stimuli develop during exercise. This 
suggests that any respiratory formula be applied 
only with reservations to a single subject or even 
to small groups of subjects, particularly when they 
are not in good physical training. 

This great variability among normal subjects 
in poor physical condition is in contrast with the 
much more uniform performance of subjects in 
good training. It is probable that still greater de- 
viations will occur in the course of disease. 
ent concepts of the relative importance of various 
respiratory stimuli in muscular exertion have been 
gained largely through the study of well-condi- 
tioned subjects. It does not appear likely that these 
concepts can be carried over intact to persons with 
acute or chronic disease. 


Pres- 


SUMMARY 


1. Observations have been made on ventilation 
and arterial blood changes in 11 untrained sub- 


jects during short periods of moderately severe 


treadmill exercise. 
to the ventilation changes at the start and con- 
clusion of work, to the course of ventilation in 


Particular attention was paid 


early exercise, to the effect on ventilation of breath- 
ing gas mixtures having, respectively, an increased 
CO, content, a low oxygen, and a high oxygen 
content, and to associated changes in arterial CO, 
tension, pH and per cent oxygen saturation. 

2. With untrained subjects there may be large 
changes during exercise in arterial CO, content, 
CO, tension, and pH, and these may begin to de- 
velop very early in exercise. 

3. Exercise did not increase significantly the 
sensitivity of the respiratory center to arterial CO, 
tension, as measured by increase in ventilation per 
mm. Hg increase in CO, tension. 

4. An attempt is made to estimate in semi-quan- 
titative terms the role played by various respira- 
tory stimuli in regulating ventilation during exer- 
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cise. These stimuli are a “neurogenic” effect; an 
oxygen effect, which is provisionally regarded as 
an increase in sensitivity of the chemoreceptor 
system to oxygen tension; fall in blood pH; and 
arterial CO, tension. There is great variation 
among untrained subjects in the relative impor- 
tance of these factors. 
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Nor-epinephrine is a sympathomimetic drug 
similar in structure to epinephrine, but lacking a 
methyl group on the nitrogen atom contained in 
the latter compound (1). Its levo-isomer is twice 
as active as the optically inactive preparation. 
Some investigators believe that 1-nor-epinephrine 
is identical with sympathin E (1); others feel 
that it is more likely that nor-epinephrine is the 
precursor of epinephrine at adrenergic nerve end- 
ings (2,3). Goldenberg and associates (1) found 
that in man I-nor-epinephrine increases total pe- 
ripheral resistance, and in further contrast to epi- 
nephrine, does not increase the cardiac output. 
Goldenberg also (1) found a consistent elevation 
in pulmonary artery pressure during the infusion 
of l-nor-epinephrine in man. However, since he 
did not measure pulmonary venous pressure, one 
cannot determine from his study the primary site 
of action of l-nor-epinephrine in producing transi- 
ent pulmonary hypertension. For these reasons it 
seemed desirable to investigate further the action 
of l-nor-epinephrine upon the pulmonary circula- 
tion. 

The purpose of the study reported here is to 
determine how I-nor-epinephrine produces pul- 
monary arterial hypertension in man. In man the 
pulmonary venous pressure may not ordinarily 
be measured directly. However, Hellems and co- 
workers (4) have described a method of obtaining 
pulmonary “capillary” pressure, and have shown 
that in animals the pulmonary “capillary” pres- 
sure varies with the pulmonary venous pressure. 
If pulmonary artery pressure, pulmonary “capil- 
lary” pressure and cardiac output are determined 
simultaneously, the pulmonary arteriolar resistance 
may be calculated (5). If nor-epinephrine pro- 
duces pulmonary hypertension by pulmonary ar- 

1This study was supported by Research Contract 
V1001 M-432 Veterans Administration. 


2 Public Health Service Postdoctorate Research Fel- 
low of the National Heart Institute. 


terial constriction, then a rise in pulmonary ar- 
teriolar resistance is to be expected during the 
pulmonary hypertension resulting from its ex- 
hibition. 

MATERIAL 


Thirteen subjects were studied. Eleven had normal 
hearts as shown by physical examination, X-ray, and the 
electrocardiogram. One (E. B.) was convalescing from 
beriberi heart disease, with only residual tachycardia. 
One (C. F.) had a systolic murmur at the cardiac apex 
and a pulmonary “capillary” pressure tracing suggestive of 
incompetency of the mitral valve (6). C. F. had also 
moderate elevation of the mean pulmonary arterial pres- 
sure while in the resting state. As controls, six subjects 
with various types of cardio-pulmonary disease were 
studied. 


METHOD 


All subjects except E. B. were studied in the fasting 
condition, sedated by 0.1 or 0.2 gm. of seconal given two 
to two and a half hours prior to study. Cardiac catheteri- 
zation was performed as described previously (7). A 
double lumen catheter was used, so that pulmonary “capil- 
lary” pressure and pulmonary arterial pressure could be 
measured simultaneously. Pulmonary “capillary” pressure 
was obtained by the method of Hellems and co-workers 
(4). The criteria of satisfactory pulmonary “capillary” 
pressures were (1) the nature of the pressure curve, 
showing “a” and “c” waves; (2) the peripheral location 
of the catheter tip in the lung; and (3) the securing of a 
specimen of blood saturated with oxygen from the wedged 
catheter tip. This last was not always possible, since in 
some instances, no blood could be obtained from the 
wedged catheter tip. Brachial artery pressure was ob- 
tained through an 18 gauge indwelling Cournand needle. 
Simultaneous electrocardiograms, _ ballistocardiograms, 
brachial arterial, pulmonary arterial, and pulmonary 
“capillary” pressures were recorded by means of a five 
channel optical oscillograph. 

Cardiac outputs were determined by the direct Fick 
method as described previously (8). Duplicate samples 
of expired air were analyzed for CO, and O, and required 
to check within 0.03%. Duplicate blood samples, col- 
lected during the collection of expired air, were re- 
quired to check within 0.2 vol.%. 

Resting cardiac outputs were obtained after the catheter 
had been in place 15 to 30 minutes or more. After the 
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TABLE I 


The effect of l-nor-epinephrine upon pulmonary artery and brachial artery pressure 








Before nor-epinephrine 


10 :o 20 minutes after 


During nor-epinephrine nor-epinephrine 





Subject 


Mean BA 
pressure 


Mean PA 
pressure 


Mean BA 
pressure 


Mean BA 
pressure 


Mean PA 
pressure 


Mean PA 
pressure 





mm. Hg 
1. H. H. 39 W.M. Paresis 15 
2. S. M. 40 C.M. Convales- 15 
cent pneumonia 
. H. P. 48 W.M. CNS 16 
syphilis 
. G. Y. 46 W.M. Convales- 
cent pneumonia 
5. V. H. 27 W.M. Epilepsy 
. C. H. 49 C.F. Paresis 
. L. A. 43 W.M. Neuritis 
. E. J. 43 C.M. Leukemia 
. C. F. 50 C.M. Mitral 
incompetency 
. E. B. 28 W.F. Convales- 
cent beriberi 
. J.D. 42 C.M. Bronchiec- 
tasis (minimal) 
. W.S. 26 C.M. Convales- 


cent pneumonia 











mm. Hg mm. Hg mm. Hg mm. Hg 
19 103 16 87 
19 150 16 146 


17 146 14 125 
101 18 104 
118 8 


124 19 115 
127 13 


30 104 














blood and gas samples for the resting cardiac output had 
been collected, the subjects were given 0.2 to 0.4 micro- 
gram of I-nor-epinephrine? per kilogram body weight 
per minute into the distal aperture of the catheter lying 
within the pulmonary artery. When a maximum effect 
upon the blood pressures had been obtained, usually within 
three to five minutes, blood and gas samples for a second 
cardiac output were collected. The infusion of 1-nor-epi- 
nephrine was continued during the collection of samples. 
Pressure recordings were obtained immediately before 
and immediately after the collection of blood samples. 
In six cases a third cardiac output and set of pressure re- 
cordings were obtained 10 to 20 minutes after discontinuing 
the l-nor-epinephrine infusion. More than one resting 
cardiac output would have been desirable but was not 
obtained because of the danger of fatiguing the subject. 

Six control subjects were studied by the above method. 
They received fluids comparable in volume and rate of in- 
fusion to those received by the subjects to whom nor- 
epinephrine was administered. Following resting meas- 
urements of cardiac output und pressures, 5% dextrose 
solution was infused inte the pulmonary artery for « pe- 
riod of time roughly equivalent to that required for the 
infusion of l-nor-epinephrine. Then resting measurements 
of cardiac output and pressures were repeated. 

Mean pulmonary arterial, brachial arterial and pul- 
monary “capillary” pressures were determined by plani- 
metry. Measurements were made over two or more re- 
spiratory cycles. Pressures taken just before and just 
after each cardiac output were averaged in obtaining the 
final result. A point 10 cm. anterior from the back of 


8 Supplied through the courtesy of Winthrop-Stearns 
Company, Buffalo, New York. 


the horizontal subject was taken as the zero point in pres- 

sure measurements. 

Pulmonary arteriolar resistance was calculated by the 
formula: 

= PA—PC 


R= oH 


X 1,332. 


Where _R = arteriolar resistance in dynes/sec./cm.—* 
PA = mean pulmonary artery pressure 
PC = mean pulmonary “capillary’’ pressure 
CO = cardiac output in cc./sec. 


Total peripheral resistance (TPR) was determined by the 


formula BA 
TPR = CO 1,332. 


Where TPR = total peripheral resistance in dynes/sec./ 
-6 


cm. 
BA = mean brachial artery pressure 
CO = cardiac output in cc./sec. 


Systemic peripheral resistance was determined according 
to the formula: 
BA—RA 
S = -— 
re CoO 
Where SPR = systemic peripheral resistance in dynes/ 
sec./cm.~> 
BA = mean brachial arterial pressure 
CO = cardiac output in cc./sec. 
RA = mean right auricular pressure 


x 1,332. 


RESULTS 


Pulmonary arterial and brachial arterial pressure 
(Table 1). In each of 10 subjects a definite rise 
in pulmonary artery pressure occurred. The mean 
rise in pulmonary artery pressure was 5 mm. Hg 
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TABLE II 
Statistical table of changes induced by l-nor-epinephrine 








No. | t—1% 
level 


t—5%| Ob- 
level | served t 


3.250 _ 5.7 
3.106 _ 6.99 
3.355 _ 6.33 


vaiee td 
<0.001 
<0.001 
<0.001 





_ 


. Pulmonary artery 10 
mean pressure 
. Brachial artery mean| 12 
pressure 
. Pulmonary “capillary” 9 
mean pressure 
. Cardiac output 
Heart rate 3.106 —_ 
. Total peripheral resist- —_ - 2.6 
ance 
. Arteriovenous oxygen _ 
difference 
. Stroke volume 
. Correlation of rise in 
P. A. and P. C. mean 
pressure 


2.270 
4.3 


Sao Nn OMe & N 




















* From Fisher and Yates (10). 
t Correlation coefficient (11). 


or 33% over the resting value. Each of 12 sub- 
jects had a definite rise in brachial arterial pres- 
sure. The mean rise in brachial artery pressure 
was 20 mm. Hg or 19%. Ten to 20 minutes after 
cessation of nor-epinephrine administration, the 
pressure had fallen in all cases in the pulmonary 
artery, and in all cases save one in the brachial ar- 
tery. However, 10 to 20 minutes was insufficient 
time for complete subsidence of nor-epinephrine 
effect in every case. The changes in both pulmo- 
nary artery and brachial artery pressures were 
statistically significant (9) at the p < 0.001 level 
(Table IT). 

Cardiac output (Table III). A significant rise 
(i.e., 10% above the resting level [8]) in cardiac 
output was found in only one of the 11 cases. In 
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this case the cardiac output rose still further after 
withdrawal of the nor-epinephrine; therefore the 
observed elevation was attributed to anxiety rather 
than the effect of the drug. A significant fall in 
output was observed in five subjects. In the five 
remaining subjects there was no significant change 
in cardiac output. Statistical analysis (Table IT) 
revealed a significant decline in cardiac output 
when the group was considered as a whole (p = 
.05). The low cardiac index of subject C. F. is 
attributed to heavy sedation rather than to cardiac 
failure, since the subject had a normal arterio- 
venous oxygen difference of 3.9 vol.%. This 
subject was apparently unduly sensitive to barbitu- 
rates, and was roused with difficulty during the 
study, although he had received only 0.2 gm. of 
seconal. His oxygen consumption was quite low, 
being only 74.6 cc./sq. m./min. 

Pulmonary “capillary” pressure and pulmonary 
arteriolar resistance (Table IV). There was a 
definite rise in pulmonary “capillary” pressure dur- 
ing the administration of nor-epinephrine in each 
instance. The mean rise was 6 mm. Hg or 64%, 
close to the mean rise in pulmonary artery pressure 
of 5mm. Hg. Ten to 20 minutes after cessation of 
the nor-epinephrine infusion the pulmonary “‘capil- 
lary” pressures had fallen toward the original levels 
in all cases. The pulmonary arteriolar resistance 
showed no significant change in four subjects, a 
definite fall in three, and a definite rise in two sub- 
jects. The pulmonary arteriolar resistances 
showed much less tendency then pulmonary artery 
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The effect of l-nor-epinephrine upon cardiac output and heart rate 








Before nor-epinephrine 


During nor-epinephrine After nor-epinephrine 





Cardiac 


Index Heart rate 


Cardiac 
Index 


Cardiac 


Tadeo Heart rate 


Heart rate 





L/sq. m./min. 


yO mt Pum vs 
WHEW PWHN Www 
AnNOWWHNHWORK SO 


11. 
12. 


_ 
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ma-omra<omyex 











L/sq. m./min. L/sq. m./min, 


So Goo 
woo 


wos 
© oo 


> 
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* Heavily sedated. 
ft Second control before drug administration. 
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TABLE IV 


The effect of l-nor-epinephrine upon pulmonary “capillary” pressure and pulmonary arteriolar resistance 








Before nor-epinephrine 


During nor-epinephrine After nor-epinephrine 





Pc. Pulm. res. 


Pulm. res. be en Pulm. res. 





mm. Hg dynes /sec./cm.~* 
. 39 W.M. 10 89 
95 
133 
131 
66 
151 
41 
114 
202 


OCONIAMP WH 
OMrA<OTy 
MP Im E 











dynes /sec./cm.~* dynes /sec./cm.~* 
40 46 
95 90 
138 _ 
65 69 
37 27 
163 — 
75 63 
122 _ 
326 333 














mean pressures to return toward the original level 
in those cases where they were altered. The ob- 
served elevation in pulmonary “capillary” pressure 
was significant statistically (p< 0.001) (Table 
II). 

Total peripheral resistance and heart rate 
(Tables III and V). A significant increase in 
total peripheral resistance (TPR) was found in 
nine of 11 subjects during the infusion of nor-epi- 
nephrine. There was no significant change in one 
subject, and a decline in resistance in another. 
The mean rise was 497 dynes/sec./cm.* or 31%. 
The heart rate slowed in 11 of the 12 subjects. 
The one subject who did not show slowing (E. J.) 
demonstrated a further rise in heart rate after the 
cessation of nor-epinephrine, suggesting a masking 
of the drug effect by some extraneous factor. Both 


TABLE V 


The effect of l-nor-epinephrine upon total peripheral 
resistance 








Before During After 
nor-epi- nor-epi- nor-epi- 
nephrine nephrine nephrine 





TPR TPR 





dynes, yne. dynes/ 
sec./cm.* . s sec./cm.~* 
1,223 1,119 
1,727 2,160 
1,918 — 
1,704 1,188 
1,787 1,478 
1,539 — 
1,142 1,045 
1,227 — 
2,523 2,637 
1,615 1,405* 
1,170 —_— 


oe 
SISSY 


wn 


oe 
Seok en 


nomi > mmo Sm 
- 


POMONA UMP Wo 
tN 


s-omroa<omem 


— ee 














* Duplicate observations before drug administration. 


heart rate and peripheral resistance returned 
toward resting values 10 to 20 minutes after with- 
drawal of the I-nor-epinephrine. The observed 
bradycardia was statistically significant at the 
p < 0.001 level and the observed increase in total 
peripheral resistance was significant statistically 
at the p < 0.05 level (Table IT). 

Right atrial pressure, right ventricular end di- 
astolic pressure, and peripheral venous pressure. 
In each of three subjects in whom observations 
were made pressures within the right side of the 
heart rose during administration of the drug. In 
subject W. S. right atrial pressure was 29 mm. 
water in the resting state. During 1-nor-epineph- 
rine administration, the pressure rose to 82 mm. 
water. After the drug was discontinued, right au- 
ricular pressure fell to 38 mm. water. In subject 
E. B., right ventricular end diastolic pressure rose 
from 5 mm. Hg to 14 mm. Hg during 1-nor-epi- 
nephrine infusion. Right atrial pressure also rose 
during the drug infusion but unfortunately the 
pressure was not measured at its peak and the rise 
was less striking than that in the right ventricu- 
lar end diastolic pressure. In subject F. H. there 
was a striking rise in right atrial pressure during 
l-nor-epinephrine infusion (Figures 1 and 2). A 
peripheral venous pressure curve was obtained 
simultaneously with the right atrial and peripheral 
artery pressure curve in this subject (Figure 2). 
There was an approximately equal rise in pres- 
sure in the peripheral vein and right atrium ap- 
proximating 10 mm. Hg in the right atrium and 
11 mm. Hg in the peripheral vein. However, the 
peak pressure rise occurred earlier in the peripheral 
vein than in the right atrium (Figure 1). 
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MEAN PRESSURE CHANGES IN RIGHT ATRIUM, FEMORAL ARTERY AND 
PERIPHERAL VEIN IN PATIENT FH. DURING L-NOR-EPINEPHRINE INFUSION 
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TABLE VI 


Control subjects 








First resting study Second resting study 





| 
PC ° 
mean | ©O 3 co 





. R. J. 69 C.M. hyper- 6.8 | 3.6 ; 3.4 
tensicn 
. M. L. 52 W.F. emphy- 37. 5.8) 36 a 3.5 


sema 
. M.S. 49 W.M. mitral ae 3.7 3.9 
stenosis 
. J. D. 48 C.M. bronchiec- _- 12.8 | 4.9 ? 5.3 


tasis 
. D. H. 61 W.M. cor 38.4 | — 4.4 4.2 
pulmonale 
. F. B. 18 C.F. sickle cell 18.6 8.6 7.9 
anemia 









































Mean pressures are expressed in mm. Hg. 
Resistances are expressed in dynes/sec. pS 
BA = brachial artery. 

PA = pulmonary artery. 

PC = pulmonary “capillary.” 

CO = cardiac output. 
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EXCERPTED FROM PRESSURE TRACING OF Patient F. H. 


Section (a) is before I-nor-epinephrine; (b) is at the peak response 13 minutes after beginning the in- 
fusion of I-nor-epinephrine; (c) shows the return of pressure to resting levels 14 minutes after cessation 


of l-nor-epinephrine infusion. 


vein pressure is 8.4 mm. Hg; mean right atrial pressure is 4.2 mm. Hg. 


In (a), mean femoral artery pressure is 111.6 mm. Hg; mean peripheral 


In (b), the mean femoral ar- 


tery pressure has risen to 141.2 mm. Hg; mean peripheral vein pressure, to 18.7 mm. Hg; mean right 


atrial pressure, to 14.2 mm. Hg. 


In (c) mean femoral artery pressure has fallen to 88.4 mm. Hg; 


mean peripheral vein pressure, to 6.3 mm. Hg; mean right atrial pressure, to 1.1 mm. Hg. 


In order to exclude changes in right atrial pres- 
sure as a cause of increased total peripheral re- 
sistance, the observed values for right atrial pres- 
sure should be subtracted from the’brachial pres- 
sure in the formula. This could not be done be- 
cause right atrial pressures were not routinely 
measured. In one subject (W. S.) in whom this 
could be done, the systemic peripheral resistance 
was 1143 dynes/sec./cm.~* before and 2082 dynes/ 
sec./em.-* during |-nor-epinephrine, showing an 
increase of 82%. 

In the six control subjects (Table VI), the 
second resting cardiac output varied less than 10% 
from the resting measurement. The mean varia- 
tion in pulmonary artery pressure was 1.7 mm. Hg. 
The observed variations in brachial artery pres- 
sure, pulmonary “capillary” pressure, total periph- 
eral resistance, and pulmonary arteriolar resistance 
are seen in Table VI. 


DISCUSSION 


The hemodynamic changes observed during an 
infusion of l-nor-epinephrine consisted of increased 
pulmonary artery and brachial artery pressures, 
increased peripheral resistance, diminished cardiac 


output, and bradycardia, and confirm the observa- 
tions of Goldenberg (1). The bradycardia was 
also observed by Judson and co-workers (12). 

The mechanism of the increase in pressure in 
the pulmonary and peripheral arteries is not the 
same. There was a statistically significant eleva- 
tion in total peripheral resistance during 1-nor- 
epinephrine administration ; on the other hand, in 
only two of the nine cases studied was there an 
increase in pulmonary arteriolar resistance. In 
one of these (C. F.) the pulmonary “capillary” 
pressure rose within the critical range of 20-25 
mm. Hg, at which level pulmonary resistance in- 
creases as a protective mechanism to prevent pul- 
moaary edema (5). Thus it is quite probable that 
the rise in resistance in case C. F. was not a direct 
effect of l-nor-epinephrine, but an effect secondary 
to the increase in pulmonary venous pressure. 
An increase in pulmonary “capillary” pressure 
was observed in all cases following 1-nor-epineph- 
rine, and the mean increase was nearly the same 
as the mean increase in pulmonary artery pres- 
sure. Therefore, the usual mechanism whereby 
l-nor-epinephrine produces pulmonary hyperten- 
sion in man is through an increase in pulmonary 
“capillary” or venous pressure. 





NOR-EPINEPHRINE AND PULMONARY ARTERIAL RESISTANCE 


The rise in pulmonary artery pressure following 
I-nor-epinephrine infusion is due to a rise in left 
atrial pressure for the following reasons. First, 
there is no consistent rise in pulmonary arteriolar 
resistance after the drug, thereby excluding con- 
striction of the pulmonary arterioles as the mecha- 
nism of pressure elevation. Second, there is a 
significant correlation between the rise in the pul- 
monary artery and pulmonary “capillary” mean 
pressures during I-nor-epinephrine infusion (Table 
II). Third, there is a definite rise in pulmonary 
“capillary” pressure following 1-nor-epinephrine 
which implies a rise in pulmonary venous pres- 
sure and thus a rise in left atrial pressure. Fourth, 
there is a rise in right atrial pressure after the 
drug, which also implies a concomitant rise in left 
atrial pressure (13). 

One may speculate further as to the mechanism 
of elevation of right atrial pressure following I-nor- 
epinephrine. Ranges and Bradley (14) and 
Bradley and Parker (15) in attempting to ex- 
plain the rise in right atrial pressure after pare- 
drinol and angiotonin, considered heart failure 
unlikely because there was no evidence of cardiac 
dilatation. They believed that an increase in ve- 
nous tone, decreasing the total volume of the vascu- 
lar system, might be responsible. Iglauer and 
Altschule (16) have shown that other sympatho- 
mimetic drugs—adrenaline and paredrine—in- 
crease the peripheral venous pressure. Ranges 
and Bradley also mentioned an increase in “cardiac 
tone” as the cause of the elevated right atrial pres- 
sure following angiotonin. 


TABLE VII 


Effect of l-nor-epinephrine upon A-V oxygen difference 
and upon stroke volume of the heart 
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Although there was an increase in the mean 
A-V oxygen difference of 12% in the subjects 
studied, there was also an increase in the mean 
stroke volume of 13% (Table VII). The changes 
in stroke volume and A-V oxygen difference were 
not significant statistically (Table II). There- 
fore it is believed that the decrease in cardiac out- 
put during I-nor-epinephrine infusion does not 
represent congestive heart failure (1). The strik- 
ing increase in peripheral venous pressure ob- 
served in Subject F. H., reaching its peak earlier 
than the peak rise in right atrial pressure during 
the I-nor-epinephrine infusion, suggests that in- 
creased peripheral venous tone may indeed be re- 
sponsible for the rise in intra-atrial pressure by de- 
creasing the capacity of the vascular system. The 
change here is quite unlike that in congestive heart 
failure, where the gradient between pressure in 
peripheral veins and right atrium is diminished 
rather than increased (17), the pressure in the 
two sites often becoming almost equal as the pres- 
sure rises. 

One must also consider the possibility that 
peripheral venous constriction is the mechanism 
primarily responsible for the hypertension induced 
by I-nor-epinephrine in the systemic circuit. 
Since a rise of 20 mm. Hg, the observed mean ele- 
vation in mean peripheral arterial pressure, was 
much greater than any of the measured increases in 
mean right auricular pressure (this relationship 
holding true in the three cases where both pres- 
sures were determined) and since the cardiac out- 
put is decreased or unchanged after I-nor-epineph- 
rine, one is justified in stating that there is definite 
increase in systemic peripheral resistance during 
administration of the drug. In one case where 
systemic peripheral resistance was calculated, there 
was a striking increase of 82% during 1I-nor- 
epinephrine. T.1us one may conclude that arterial 
or capillary constriction contributes to the observed 
increase in total peripheral resistance despite the 
rise in right atrial pressure. 


SUMMARY AND CONCLUSIONS 


The hemodynamic response of 13 subjects to 
the infusion of I-nor-epinephrine was studied. 
During 1|-nor-epinephrine infusion, the following 
changes occurred: a statistically significant mean 
rise in pulmonary artery pressure ; a significant rise 
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in mean brachial artery pressure ; a decrease in the 
cardiac output in five subjects, remaining un- 
changed in five. There was a statistically signifi- 
cant mean rise in pulmonary “capillary” pressure. 
There was a statistically significant increase in 
total peripheral resistance. There was no signifi- 
cant increase in pulmonary arteriolar resistance. 
There was a definite and marked rise in right 
atrial pressure in each of three subjects. 

It is concluded that the pulmonary hypertension 
seen during the administration of l-nor-epinephrine 
is not due to constriction of the pulmonary ar- 
teries, but rather to an increase in pulmonary ve- 
nous pressure; it is also concluded that 1-nor-epi- 
nephrine produces constriction of peripheral ar- 
teries or capillaries as well as peripheral veins. 
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INTRODUCTION 


The metabolic significance of the adenine nucleo- 
tides (1, 2) and the reports of the therapeutic ac- 
tion of muscle adenylic acid and adenosine triphos- 
phate in various pathological states (3-12) has 
stimulated interest in the possible mechanism of ac- 
tion in these compounds. 

Recently a rapid reliable method was developed 
by one of us (13) for measuring total adenine, 
adenylic acid (AMP), adenosine diphosphate 
(ADP) and adenosine triphosphate (ATP). We 
have applied this method to the study of blood since 
it is the only human tissue which can be con- 
veniently studied. 

Before studies could be undertaken on pathologic 
bloods, we felt that normal bloods should be ex- 
amined for total nucleotide content as well as for 
possible content of adenylic acid, adenosine diphos- 
phate and adenosine triphosphate. That adenine 
nucleotides are present in blood has been known 
since 1914. The first completely adequate quanti- 
tative data are those of Buell in 1935 (14) who es- 
timated total nucleotide nephelometrically after 
precipitating with uranium and then silver, from 
a neutralized trichloracetic acid filtrate. Apart 
from describing the procedure itself, Buell reported 
that the nucleotides are present principally in the 
red cells (indeed the value varies with the hemato- 
crit) ; that the level for any one individual over a 
period of several months is fairly constant, and 
that the average value for males is about 11.5 
mgm.% and for femaies 10.0 mgm.% (e2:pressed 
as adenine). 

Our interest, as indicated above, was not only in 
the total nucleotide, but also in the constitution of 
the nucleotide. We also felt that the Buell pro- 
cedure for estimating nucleotides was much too 
cumbersome. We, therefore, concentrated our at- 
tention on the preparation of filtrates which could 
be assayed directly. 


1 This work was supported by a grant to Brooklyn Col- 
lege from the Ernst Bischoff Company, Ivoryton, Conn. 


The procedure used in our work is a spectro- 
photometric assay on perchloric acid filtrates, using 
in modified form the enzyme techniques of Kalckar 
(15-17). 

In addition to presenting observations on the 
concentration of the various nucleotides on a group 
of four normal subjects (three men and one 
woman ) over a period of about eight months, data 
will be presented on the effects of intramuscular 
injections of muscle adenylic acid, adenosine tri- 
phosphate and yeast adenylic acid on the levels of 
the abeve compounds. 


ANALYTICAL PROCEDURE 
a) Estimation of total adenine 


Total adenine nucleotide was assayed by drawing blood, 
initially under oxalate, and immediately deproteinizing 1 
ml. with 4 volumes of cold 2% perchloric acid. The pro- 
tein precipitate was washed with an additional volume of 
cold 2% perchloric acid. The combined supernatant solu- 
tions collected after centrifugation were adjusted to pH 
7.0 and made to a final volume of 10 ml. One ml. of fil- 
trate was added to a tube containing 3.5 ml. H,O and 0.5 
ml. M/10 phosphate buffer at pH 7.4. The resulting solu- 
tion when read in the spectrophotometer shows an ab- 
sorption maximum at 258 ms#, corresponding to the ab- 
sorption maximum of adenine nucleotides in perchloric 
acid. Total nucleotide was calculated as adenine using 
muscle adenylic acid as a standard. 


b) Estimation of AMP, ADP and ATP 


Adenylic acid, adenosine diphosphate and adenosine 
triphosphate were assayed in the same filtrates according 
to the procedure described by Albaum and Lipshitz (13), 
in the following way: One ml. aliquots of the filtrate were 
placed in three separate tubes. Into the first tube 0.5 ml. 
0.1 M malonate buffer pH 5.9, 0.03 ml. of adenylic acid de- 
«minase (containing 15 ugm. protein N) and water to make 
a final volume of 5.0 ml. were pipetted and the change in 
density in the spectrophotometer at 265 m# recorded at 
the end of 10 minutes. The second tube received buffer, 
water, 0.1 ml. MgCl, (10 mgm./ml.), 0.01 ml. myokinase 
(containing 4 ugm. protein N) and deaminase and again 
the change in density at 265 mz was recorded at the end of 
10 minutes. To the third tube was added bufer, water, 
MgCl., myokinase, 0.1 ml. 0.5 M glucose, 0.01 ml. hex- 
okinase (containing 7 “gm. protein N) and the deaminase 
and once more the change in density determined. Any 
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change in tube 2 over that occurring in tube 1 is due to 
the presence of ADP. Since only 1 mole of AMP is 
formed from 2 moles of ADP, the difference between 
tubes 1 and 2 is multiplied by a factor of 2. The third 
tube records the change in density due to AMP, ADP and 
ATP. Since the concentration of AMP and ADP are 
now known (by reading the adenine due to these com- 
pounds from a standard curve derived from the change 
in density of known concentrations of these nucleotides) 
and the total adenine is known from tube 3, the difference 
between the AMP and ADP adenine and the total adenine 
gives the value for the ATP adenine. 

The reactions discussed above are represented by the 
following equations : 


adenylic acid deaminase ‘ 
—— > Inosinic Acid 





(1) AMP 
myokinase 


(2) 2ADP ATP + AMP 


hexokinase 
———__ ADP + glucose-6- 
phosphate 


(3) ATP + glucose 


Before experiments were undertaken on the distribution 
of the compounds, several preliminary runs were carried 
out to see whether the method as described was reliable, 
i.c., could added nucleotide be recovered and measured? 
The results of one such experiment are shown in Table 
I. The total nucleotide accountable for as AMP, ADP 
and ATP in this sample of blood was 6.4 ugm. It is ap- 
parent that added ATP can be recovered indicating that 
the method is reliable. 

Early in our studies on the concentration of the various 
nucleotide fractions in oxalated human blood, it was 
found that ATP content decreased significantly within 
the first hour, though not in the first five minutes. For 
this reason, in the early work which was done on oxalated 
blood, the samples were pipetted into perchloric acid within 
one minute of withdrawal. To avoid the inconvenience 
of this procedure, the stability of the nucleotide in heparin- 
ized blood was investigated. Table II shows the percent- 
age of total purine found in the ATP, AMP and ADP 
fractions, respectively, in freshly drawn blood, and in the 
same blood samples after 90 minutes. The experiment was 
run at room temperature and at 37° C. in the presence of 
a mixture of potassium oxalate and ammonium oxalate, 
of which the oxalate concentration was 112 mgm. %, and 
in the presence of 5 mgm. % of heparin. It is clear that 
the ATP is very significantly split to ADP and AMP in 
oxalated blood, while it is quite stable in the heparinized 
blood. 

Adenylic acid deaminase (Schmidt’s deaminase) was 


TABLE I 


Recovery of ATP when added to perchloric acid filtrate 
of blood 


1. Total AMP, ADP, and ATP found in blood sample = 
6.4 ugm. 
2. ATP added to blood sample = 8.2 ugm. 
3. Total AMP, ADP, and ATP in blood and added ATP 
calculated (1+ 2) = 14.6 ugm. 
found = 14.3 ugm. 
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TABLE II 
Effect of standing on adenine nucleotides in blood 








% of total purine as 
Temper- 
ature 





ATP | AMP 





Oxalated blood 68 
15 


to 


Heparinized blood 58 
59 


Oxalated blood 40 
12 
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Heparinized blood 39 
44 




















prepared according to the method of Kalckar (15) ; myo- 
kinase, according to Colowick and Kalckar (18); hexo- 
kinase was prepared in partially pure form according to 
the method of Berger, Slein, Colowick and Cori (19) 
through step No. 3 (fractionation with ethanol at 0° C.) 
of the isolation procedure. The enzymes were kept in a 
deep freeze and were found to be stable over long periods 
of time. 

Muscle adenylic acid used for injection was supplied by 
the Ernst Bischoff Co., Ivoryton, Conn. as My-B-Den (1 
ml. ampules containing 20 mgm. as the sodium salt). In 
some experiments ampules containing 100 mgm./ml. were 
used. ATP was also obtained from the Ernst Bischoff 
Co. and was administered as a solution of the sodium salt. 


EXPERIMENTAL 


Total nucleotide content of blood 


The total nucleotide content of the blood of the 
four subjects used in the experiments expressed 
as mgm. % adenine are shown in Figure 1 (closed 
circles). Several conclusions may be drawn from 
these data: 1.) While there is some variability in 
total nucleotide, the levels remain fairly uniform 
over a period of about eight months. The variabil- 
ity is no greater than one finds in the levels of other 
blood constituents under normal conditions. 2.) 
The levels obtained are similar to those obtained 
by Buell using the nephelometric procedure, so 
that we appear to be measuring the same thing that 
Buell measured. 


Nucleotide present as AMP, ADP and ATP 


That portion of the total nucleotide accountable 
for as AMP, ADP and ATP is also shown in Fig- 
ure 1 (open circles). It is immediately clear that 
the level of these compounds shows considerably 
more variation than does the total nucleotide. 





They may vary anywhere between 30 and 90% of 
the total nucleotide. Some of the early samples 
were collected before breakfast, the later ones after 
breakfast ; and there appeared to be no consistent 
difference. 

To further illustrate the difference in variability 
between the values for the total purine and those 
for the known nucleotide (AMP, ADP and ATP) 
we have calculated the mean, standard deviation 
and coefficient of variability for a large number of 
individual determinations (n = 78). For the total 
purine the following values were obtained: m = 
10.5 mgm.%, the standard deviation 0.84, the co- 
efficient of variability 8.0%. The corresponding 
values for the known nucleotide were m= 6.0 
mgm.%, the standard deviation 1.58, and the co- 
efficient of variability 26.5%. 


Effect of injection of adenylic acid 

The fact that the amount of nucleotide present 
as AMP, ADP and ATP is variable from day to 
day (see Figure 1), and that the total nucleotide 
remains fairly uniform, suggests that the former 
are individually in some kind of loose equilibrium 
with the total nucleotide. Can this equilibrium 
be shifted, e.g., by the injection of adenylic acid? 
In these experiments 20 mgm. ampules of muscle 
adenylic acid as the sodium salt (My-B-Den) were 
used. Blood was taken from the antecubital vein, 
and immediately thereafter the contents of an 
adenylic acid ampule were injected into the other 
arm intramuscularly. Additional blood samples 
were withdrawn from the first arm 30, 60 and 90 
minutes after the injection. The results of three 
typical runs are shown in Table III. It should be 
noted that most of the blood samples contained 
ADP and ATP, but no adenylic acid initially. Af- 
ter injection in all cases the ADP decreased and the 
ATP increased. The ATP level in two of the three 
cases began to fall at the end of 60 minutes and 
adenylic acid appeared. The total purine account- 
able for as AMP, ADP and ATF’ approached the 
value for the total nucleotide. In many cases the 
increases obtained in the known AMP, ADP and 
ATP fractions were not as marked as those shown, 
but they almost always occurred. In one case no 
increase was obtained in the first run, though in a 
subsequent run it did occur.? 


2 Since this paper went to press, the response of five 
additional normal subjects to the injection of muscle 
adenylic acid was tested. Four of the five showed a re- 
sponse similar to that in Table III. One subject showed 


no change in blood nucleotide. A later run on the same 
subject also gave a negative response. 


mms as adenine 
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TABLE III 


Eine of intramuscular injection of 5-adenylic acid: 20 mgm. 
(My-B-Den) on blood nucleotides (AMP, ADP, ATP) 
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TABLE V 


Effect of intramuscular injection of 3-adenylic acid (yeast): 


20 mgm. on blood nucleotides 








Time 
(minutes) AMP ADP ATP Total 


gate AMP ADP ATP 





AH 1/18/50—Total purine 9.2 mgm. % 


RS Total purine—12.1 mgm. % 
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HA 1/20/50—Total purine 10.2 mgm. % 


Total purine—8.2 mgm. % 
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MB 1/23/50—Total purine 11.2 mgm. % 








BS 3/13/50—Total purine 





gill . 0.0 
30 0.0 
60 0.0 
90 0.0 

















The magnitude of the increases obtained was en- 
tirely out of proportion to the amount of adenylic 
acid injected. The increase in concentration of 
nucleotide expected if all of the injected nucleotide 
were simultaneously to appear in the blood would 


TABLE IV 


Effect of intramuscular injection of 5-adenylic acid: 100 mgm. 
(My-B-Den) on blood nucleotides 








Time 


(minutes) AMP 


ADP | ATP | Total 





HA 3/1/50 Initial total purine 10.1 mgm.—30 minute 
total purine 11.2 mgm. % 





0.0 
0.2 
0.3 
0.0 





MB 2/31/50 Initial total purine 10.2 mgm. 
minute total purine 12.0 mgm. % 


not exceed 0.1 to 0.2 mgm.%. The effect, there- 
fore, appears to be an indirect one of some kind. 
This is further indicated by the fact that when a 
100 mgm. dose of muscle adenylic acid was in- 


TABLE VI 


Blood cell levels of adenine nucleotides after addition of 
5-adenylic acid (10 mgm. %) to whole blood in vitro 
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jected (see Table IV), the increase obtained was 
no greater than that obtained with the 20 mgm. 
dose. With the 100 mgm. dose there was a transi- 
tory increase in total purine which was not ob- 


TABLE VII 


Effect of intramuscular injection of ATP 
(equivalent to 20 mgm. AMP) 








Time Total 
: AMP ATP (mgm. %) 


(minutes) ADP 








Total purine—10.1 





























BLOOD LEVELS OF ADENINE NUCLEOTIDES 


TABLE VIII 
In vitro destruction of ATP by whole blood—ATP 


added, 5.2 mgm. % 








Time 
(minutes) 


0 0 
15 i 
30 5 UR 
1 
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AMP 





60 
90 














served with the 20 mgm. dose. Within 60 minutes 
the level had returned to normal. 

The possibility that the observed effects of 
muscle adenylic acid on blood nucleotide levels 
was due to psychogenic or other adventitious fac- 
tors, was excluded by the results of experiments 
carried out under identical conditions, but substi- 
tuting yeast adenylic acid for muscle adenylic acid 
(Table V). 

That the effect of the injected adenylic acid was 

an indirect one was demonstrated by adding AMP 
directly to whole blood. The experiment was car- 
ried out in the following way. Blood was removed 
under heparin from the antecubital vein of one of 
the subjects. Ten ml. of this blood were placed in 
each of two tubes. One ml. from each tube was re- 
moved and centrifuged; the plasma was poured 
off and the cells deproteinized as before. The fil- 
trates were assayed for AMP, ADP and ATP. 
To one of the blood samples was then added suffi- 
cient AMP to produce an increase of nucleotide of 
10.0 mgm.%. At the end of one, three and 15 
minutes, 1 ml. samples were removed, centrifuged 
and deproteinized as before and once more AMP, 
ADP and ATP were determined. 
The results are shown in Table VI. It is apparent 
that not only does added AMP produce no effect 
on the distribution of other nucleotides in the cell, 
but it does not even appear to penetrate the red 
blood cell. Experiments carried out over a longer 
time interval gave similar results. 

The injection of ATP in a dose containing the 
same adenine content as a My-B-Den ampule yields 
results which are similar to that obtained with the 
latter compound (Table VII). That the effect in 
this case may be due to the adenylic acid in ATP, 
rather than ATP itself is suggested by the obser- 
vation that ATP placed in contact with blood is 
rapidly split (Table VIII). 


DISCUSSION 


In spite of the importance of the adenine nucleo- 
tides in so many critical life processes, this is the 
first report which presents data on the relative 
concentration of the different nucleotides in human 
blood. It is now possible to compare these values 
with corresponding values in different pathologi- 
cal states. Such experiments are already in prog- 
ress. ’ 

From a medical standpoint it would be of great 
interest to know whether the reported clinical ther- 
apeutic effects of adenylic acid as well as earlier 
reports on ATP, are mediated through effects of 
this type. It would be especially interesting to 
know whether changes similar to those in the blood 
cells occur in other cells of the body (myocardium, 
central nervous system, nerves, glands, etc.), and 
whether, perhaps, the as yet unexplained actions 
of substances other than adenylic acid may operate 
through similar mechanisms. Comparison of the 
behavior of the adenine nucleotides in normal in- 
dividuals with similar processes in various disease 
states may explain some of the puzzling phenom- 
ena in clinical medicine, and may possibly provide 
a mechanism for some of the “diseases of unknown 
etiology.” 

One point bears special emphasis: the lability of 
the equilibrium of the total nucleotide. We have 
shown that under certain conditions we can shift 
the balance in favor of ATP. Very recently Leder, 
Perlzweig, and Handler (20) have shown that 
when nicotinamide is added to washed erythrocytes, 
an eight to ten fold increase occurs in a pyridine 
nucleotide which behaves like DPN in a fluoro- 
metric assay. Since DPN contains adenylic acid, 
the latter must be derived from the same labile res- 
ervoir which under our conditions is converted to 
ATP. This indicates that the nucleotide may be 
“shifted” to compounds other than ATP under 
appropriate conditions. 


SUMMARY 


1. A technique is described for measuring the 
total adenine nucleotide as well as the adenylic 
acid, adenosine diphosphate, and adenosine tri- 
phosphate content of blood. The total nucleotide 
remains fairly uniform over long periods of time, 
while the known nucleotide (AMP, ADP and 








530 HARRY G. ALBAUM, THEODORE CAYLE, AND ARTHUR SHAPIRO 


ATP) shows considerable variation from week 
to week. 

2. In freshly drawn blood the level of known 
nucleotide is maintained for at least 90 minutes 
when the blood is drawn under heparin; when 
drawn under oxalate, the ATP is rapidly converted 
to ADP and AMP. 

3. The magnitude of the ATP level of blood is 
increased by the intramuscular injection of My-B- 
Den (muscle adenylic acid) and ATP, but not by 
yeast adenylic acid. The effect obtained appears 
to be an indirect one since larger doses produce 
no more of an increase than do lower doses. That 


the effect is indirect is further borne out by the 
observation that nucleotide (AMP) added directly 
to blood does not appear to enter the cells. 
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It has been demonstrated chemically that the io- 
dine bound to proteins of the serum is predomi- 
nantly composed of thyroxine (1-4). The concen- 
tration of this protein-bound or serum precipitable 
iodine (SPI) appears to be closely correlated with 
the activity of the thyroid gland (5-7). It is prob- 
ably the most precise clinical criterion of such ac- 
tivity that has yet been extensively employed. It 
is, therefore, generally conceded that SPI ordinar- 
ily represents circulating thyroid hormone. In 
studies of medically treated hyperthyroid patients, 
however, a number of values for SPI proved un- 
expectedly high in comparison with other meas- 
ures of thyroid activity (5, 7). Danowski and 


associates (8-10) reported that SPI of normal in- 
dividuals and pregnant women rose after the ad- 
ministration of potassium iodide. It had also been 
discovered that certain iodine-containing com- 


pounds commonly used for diagnostic and thera- 
peutic purposes formed combinations with the pro- 
teins of the serum and therefore were measured 
with SPI (11). For these reasons it seemed de- 
sirable to examine more closely the nature of SPI 
and to find a more specific measure of circulating 
thyroid hormone. 

Taurog and Chaikoff (4) utilized N-butanol to 
extract thyroxine-like compounds from serum. 
This solvent, originally employed by Leland and 
Foster (12), can be freed from diiodotyrosine and 
inorganic iodine by means of an alkaline reagent 
suggested by Blau (13). Taurog and Chaikoff 
(4) found that 73 to 93 per cent of the iodine of 
normal plasma behaved like thyroxine inasmuch 
as it remained in butanol extracts after these had 
been washed with Blau’s reagent. Danowski and 
associates (8-10) compared the iodine extracted 
by butanol with SPI in the sera of normal individu- 
als, pregnant women, and persons taking potas- 
sium iodide. The mean value for iodine ex- 
traced by butanol in the sera from 23 healthy 

1 This investigation was supported (in part) by a re- 
search grant from the U. S. Public Health Service. 


males and nonpregnant females and 21 preg- 
nant women amounted to 69 per cent of SPI 
(10). In five normal persons the ratio, butanol- 
extractable iodine (BEI): SPI varied from 0.65 
to 0.82 (8). BEI remained unchanged after the 
administration of potassium iodide, but both SPI 
and inorganic iodine increased (8, 9). 

By a simplification of the procedure of Taurog 
and Chaikoff (4), BEI of a series of subjects of 
varied categories has been measured and compared 
with SPI. 


METHOD FOR DETERMINATION OF BUTANOL-EX- 
TRACTABLE IODINE 


Apparatus 


Pyrex centrifuge tubes with heavy glass walls contain- 
ing 25 cc. below a ground glass stopper. Holes in both 
the stopper and tube serve as an outlet for compressed 
butanol vapor. 

Apparatus for digestion, distillation and colorimeter 
recordings of micro SPI procedure (6). 


Reagents 


Sulfuric acid 10 per cent by volume. 

N-Butanol, analytical reagent. 

Sodium hydroxide 4 N., to each liter of which are added 
50 gm. of anhydrous sodium carbonate (4, 13). 

Reagents for digestion, distillation and colorimetry of 
micro SPI procedure (6). 


Procedure 


To 1 cc. of serum, mixed with 0.2 cc. of 10 per cent 
H,SO, in the special centrifuge tubes, are added rapidly, 
in a fine stream, 5 cc. of butanol during continuous shak- 
ing. The mixture is shaken without the stopper to pre- 
vent loss around the ground glass joint. The tube is 
centrifuged at 2,000 r.p.m. for exactly eight minutes to 
insure a firmly packed precipitate which can be completely 
dispersed in subsequent portions of butanol. 

After centrifugation the butanol is siphoned into a 
second centrifuge tube through a glass tube of such short 
length and small diameter as to prevent loss of butanol. 
To the precipitate in the original tube are added 4 cc. of 
butanol. Before tightening the stopper, excess vapor in 
the tube escapes through the vent. After vigorous shaking 
the stopper is removed cautiously to prevent loss of bu- 
tanol. When the mixture has been centrifuged for five 
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minutes the second portion of butanol is siphoned into 
the tube containing the original butanol extract. A third 
portion of 3 cc. of butanol is added to the precipitate. 
Shaking, centrifugation for 10 minutes and siphoning are 
repeated as for the second extract. 

To the combined three portions of butanol is added an 
approximately equal volume of 4 N. sodium hydroxide 
containing 5 per cent sodium carbonate. After vigorous 
shaking the stopper is removed cautiously to prevent loss 
of butanol. The mixture is centrifuged at 2,000 r.p.m. 
for at least 12 minutes. 

The lower layer of alkali is then removed by suction 
or siphoning through a tube of small diameter equipped 
with a stopcock which permits the tube to be inserted 
through the butanol layer for the removal of the alkali 
without admitting any butanol in the tube. Two addi- 
tional extractions with the alkaline reagent are performed 
in a similar manner. Finally, a fourth portion of the 
reagent is added. After shaking, the layers are either con- 
trifuged or allowed to separate overnight. 

The butanol is drawn, with suction, into an iodine di- 
gestion flask (6). When all but a one-quarter inch layer 
of butanol has been removed, the ground glass stopper is 
held above the centrifuge tube and washed with 3 to 4 
cc. of butanol. This final portion of butanol is then 
added to the flask containing the original extract. These 
final 3 to 4 cc. of butanol permit the removal of most of 
the thin butanol layer remaining after the first suction 
without admission of any of the alkali and also wash the 
original butanol extract from the inside of the siphon 
tube. 

The butanol is then evaporated to dryness in a boiling 
water bath with suction applied through wide.glass tubes 
inserted in the necks of the flasks. The dried material is 
freed from the inside of the flask by adding 5 to 8 cc. of 
double distilled water. Eight cc. of 2 N. potassium per- 
manganate and 18 cc. of 27 N. sulfuric acid are added 
and determination of iodine is conducted as in the steps for 
digestion, distillation and measurement of SPI (6). 

The reagent blank is determined by extracting a mix- 
ture of 12 cc. of butanol and 0.2 cc. of 10 per cent sul- 
furic acid with the alkaline reagent in the same manner 
used in treating the butanol extract of serum. The bu- 
tanol is extracted four times. After evaporation of the 
butanol, the visible residue of alkali is loosened by adding 
5 to 8 cc. of water before the addition of a definite quan- 
tity of potassium iodide or iodate. The necessity of add- 
ing a known quantity of potassium iodide for the dete-mi- 
nation of an accurate blank has been discussed (6). The 
blank with the reagents employed has varied from 0.4 to 
1.3 gamma per cent of iodine. It appears to arise from 
both the butanol and the alkali. 


Notes 


Considerable difficulty was encountered in extracting 
serum with butanol until a pH of 3.5 to 4.0 was obtained 
by adding sulfuric acid, using liquid brom phenol blue as 
an indicator. This pH is the same as that used by Taurog 
and Chaikoff (14, 15) and Rall (3) to extract thy- 
roxine from an alkaline extract of thyroid gland. In the 
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actual determination no brom phenol blue is used since 
it has been found that addition of 0.2 cc. of 10 per cent 
sulfuric acid gives the correct pH with 1 cc. portions of 
serum. 

In Taurog and Chaikoff’s (4) method the 45 cc. of 
butanol extracts of 3 cc. of plasma were washed with 50 
cc. of alkaline reagent in separatory funnels. Decrease of 
the volume of 1 cc. of serum permits centrifugation and 
reduces the time required to layer the solutions. Pre- 
liminary separation of the organic from the inorganic 
iodine in serum by washing the precipitated proteins and 
using the washed precipitate is not necessary in this 
method. Values obtained by extracting untreated serum 
were the same as those obtained by extracting the washed 
zinc hydroxide precipitate of the same serum. For ex- 
ample, BEI’s obtained from untreated serum were 7.2 and 
7.3 gamma per cent, whereas BEI’s obtained from the 
washed protein precipitate of the same serum were 7.8 
and 6.9 gamma per cent (average 7.3 gamma per cent). 


RESULTS 

Recovery of thyroxine. Thyroxine, diiodoty- 
rosine and inorganic iodide were added to bu- 
tanol or to sera. The quantities of thyroxine 
added were of the magnitude that might be ex- 
pected in sera from normal subjects or patients. 
The mixtures were then analyzed for BEI by the 
method described above. The sera were also ana- 
lyzed by the same method before the additions. 
The results of these experiments appear in Table I. 
Multiple measurements were made to ascertain the 
extent of analytical variation. 

Of thyroxine added to butanol in aqueous solu- 
tion (Experiments 1 to 4) 93 to 102 per cent was 
recovered. When thyroxine was added to sera 
(Experiments 5 to 8), the increment recovered 
amounted to 88 to 103 per cent of the thyroxine 
added. The addition of large amounts of diioda- 
tyrosine (Experiments 4 and 10) or a massive 
quantity of inorganic iodine (Experiment 9) did 
not affect these recoveries. Both diiodotyrosine 
and inorganic iodine appeared to be quantitatively 
removed by the washing with alkali. It had been 
shown earlier (16) that a fraction of diiodotyrosine 
adheres to protein, which is not removed by the 
method of washing employed in the measurement 
of SPI. 

Although recoveries have been expressed in 
terms of per cent, there is nothing in these experi- 
ments to indicate that any precise fraction of 
thyroxine is recovered or lost. The differences be- 
tween theoretical and analytical values in no in- 
stance exceed analytical errors; nor are they pro- 
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TABLE I 


Recovery of thyroxine iodine by butanol extraction* 
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* The thyroxine was given by Squibb Co. for investigational purposes. 


report was 64.4 per cent. 
t 1 cc. samples were used for analyses. 
} Calculated from BEI of original serum. 
§ 32.0 gamma per cent diiodotyrosine iodine added. 


The iodine content by Squibb’s analytical 


|| 22.4 gamma per cent diiodotyrosine iodine and 1,000 gamma per cent inorganic iodine added to serum with an 
SPI of 4.2 gamma per cent. Since the patient was receiving no iodine nor thio drug, the original serum was not subjected 


to butanol extraction. 


portional to the amounts of iodine in the samples. 
It would be improper to conclude from these ex- 
periments that recovery was not complete. It may 
be that a small quantity, of the order of 0.4 gamma 
per cent, is lost in the course of the procedure. 
BEI and SPI of normal serum. Duplicate or 
triplicate measurements of BEI and SPI in the 
sera of six normal individuals are presented in 
Table II. The difference, SPI — BEI, varied 
from 0 to 1.3 gamma per cent, averaging 0.6 gamma 
per cent. These differences again are of doubtful 
significance and not correlated with the amount of 
iodine present. The consistency with which SPI 
exceeds BEI in these and other experiments sug- 
gests, however, that the extractable iodine retained 
by butanol is actually slightly smaller than the SPI. 
BEI and SPI of untreated patients. In Table 
III BEI and SPI of 17 patients with a variety of 


TABLE II 
SPI and BEI in normal individuals 
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conditions are compared. None of the subjects 
had been given thyroid or antithyroid preparations, 
with the exception of Du, who had’ had no treat- 
ment for six months. There is reasonable doubt 
about B9489, who was extremely unreliable and 
given to self-medication. The first four were nor- 
mal pregnant women. Cases 5 to 8 inclusive had 
large goiters. With the possible exception of 
B9489 all seemed to be in a euthyroid state. Cases 
9 to 12 were suffering from obvious hyperthyroid- 


TABLE III 
SPI and BEI of untreated patients 
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TABLE IV 
SPI and BEI of hypothyroid patients taking thyroid 
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ism. The last group of five contains, in order, two 
young males with obesity and a woman who were 
suspected of hypothyroidism, a woman five or six 
months after thyroidectomy, and an elderly male 


with cerebral arteriosclerosis. The analyses in 
every case were made to exclude hypothyroidism. 
There was not satisfactory evidence in any one of 
them to establish this diagnosis. With one ex- 
ception, B9489, mentioned above, BEI and SPI 
differed by no more than 2.0 gamma per cent. 
Again the differences are not correlated with the 
concentrations of iodine. BEI is usually lower 
than SPI, the average value of SPI — BEI being 
0.6 gamma per cent. 

BEI and SPI in hypothyroidism. From Table 
IV it can be seen that BEI and SPI of patients 
with hypothyroidism receiving thyroid, with one 
exception, differed by no more than 1.0 gamma 
per cent; while in three patients who were also re- 
ceiving inorganic iodine the differences were 3.7, 
5.7 and 6.8 gamma per cent. SPI always exceeded 
BEI. 

BEI and SPI of patients with hyperthyroidism 
on medical treatment. In contrast to the data al- 


TABLE V 


SPI and BEI of patients with hyperthyroidism on medical treatment 
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TABLE V——Continued 


Dosage for six weeks 


prior to study 
Serum 


Subject BEI SPI —BEI Pulse choles- Clinical impression 
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ready shown are wide discrepancies between 64 as little as 2.0 gamma per cent, the maximum dif- 
simultaneous measurements of SPI and BEI on 40 ference in subjects not on Lugol’s solution and 
patients receiving antithyroid drugs for hyper- thio drugs. The normal range of SPI is between 
thyroidism (Table V). The difference between 3.8 and 7.8 gamma per cent (6). Often SPI is 
SPI and BEI may amount to 10 gamma per cent. well above this when BEI lies in the euthyroid 
In only 11 of the 64 instances was the difference range or at lower values suggestive of hypothyroid- 
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ism. The euthyroid range for BEI has not really 
been established but has been considered to be 3.2 
to 7.2 gamma per cent, 0.6 lower than the SPI 
range, because the average difference between the 
SPI and BEI of the six euthyroid subjects and 
of the 16 patients not on medication was 0.6 gamma 
per cent. 

The clinical status of the patients in Table V was 
evaluated by a clinician when the blood was drawn. 
These evaluations have been used to classify the 
condition of these patients who were receiving 
medication for hyperthyroidism into the hyper-, 
hypo-, and euthyroid groups. In many instances 
only the final clinical impression has been included 
in the patient’s history so that it is impossible to 
include notes on pulse, tremor, texture of skin and 
hair for every determination. Aiter classification 
of clinical status the values for SPI and BEI were 
entered in the table. 

\ll three patients who were still hyperthyroid 
according to pulse, tremor, etc., had SPI’s and 
BEI’s above the euthyroid range. Eight values 
on patients with mild hyperthyroid symptoms were 
above the normal range for SPI and BEI with one 
exception in each type of iodine determination. 
Eleven measurements on hypothyroid and ques- 
tionable hypothyroid subjects were above-or within 
the normal range for SPI, except for B57397, but 
below or at the lower limit of the range for BEI 
with one exception, B92499. The hypothyroid 
symptoms of B92499 were not classical and her 
serum cholesterol of 214 mg. per cent is compatible 
with euthyroidism. Elevation of serum cholesterol 
to values between 398 and 584 mg. per cent con- 
firmed the diagnosis of the patients classified as 
definitely hypothyroid. Of the 30 measurements 
when patients appeared euthyroid, 25 BEI’s were 
between 3.1 and 7.1 gamma per cent, but only 14 
SPI’s were between 3.8 and 7.8 gamma per cent. 
The BEI, therefore, appears to be a more accurate 
measure of thyroid activity than the SPI. 

This conclusion is verified but is not as obvious 
in the values of the last group of Table V where 
are listed 11 values on four hyperthyroid patients 
who were pregnant and one value on B94697 two 


days postpartum. Except on two occasions of thy- 


roid overactivity (98175) these patients appeared 
to be euthyroid. In euthyroid pregnancy the SPI 
is elevated to 6.0 to 10.0 gamma per cent (17). 
The SPI correlated closely with the clinical state of 
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the patient except in the first value of 15.1 gamma 
per cent when A2544 seemed to be euthyroid. 
The BEI at the time of the 10 measurements, when 
patients appeared euthyroid, ranged between 5.1 
and 9.5 gamma per cent. The range for BEI in 
euthyroid pregnancy appears reasonable because 
the SPI of normal pregnant women not on antithy- 
roid medication was 6.0 to 10.0 gamma per cent 
and the BET was only 0.6 gamma per cent lower 
than the SPI of euthyroid and untreated patients. 
When 98175 exhibited signs of thyroid overac- 
tivity, the BEI rose to 13.7 and 12.9 gamma per 
cent, concentrations indicative of hyperthyroidism 
even during pregnancy. 


DISCUSSION 

The reasons for the false high values of SPI are 
still being investigated. 

The amount of propylthiouracil taken does not 
seem to be the single factor associated with the 
discrepancy between the SPI and BEI. For ex- 
ample, four of the largest discrepancies of 9.0 to 
10.1 gamma per cent were observed in two patients, 
C36063 and B59207, who had stopped taking 
propylthiouracil two to four weeks earlier, and 
in two patients who were taking only 100 mg. of 
propylthiouracil daily. In contrast to these high 
differences are three below 2.9 of 98175 taking 
450 or 500 mg. and four differences between 0.2 
and 4.5 of four patients taking 300 mg. of propyl- 
thiouracil daily (B57397, C26245, 31298, B&86525). 

Differences between the SPI and BEI are ob- 
vious in patients taking Lugol’s solution. This is 
especially apparent from the results on the 12 hy- 
pothyroid patients. The SPI and BEI agreed 
within 1.0 gamma per cent in nine determinations 
on eight patients taking either 1, 2, 3 or 6 grains of 
desiccated thyroid daily. But two patients who 
were taking Lugol's as well as desiccated thyroid 
had SPI’s 3.7, 5.7 and 6.8 gamma per cent higher 
than their BEI. Seven of 10 patients on Lugol's 
but no propyl had SPI higher than BEI in amounts 
varying between 2.2 and 4.8 gamma per cent (Sh, 
B92499, An, C38870, C20773, C40379, B86525, 
C36063, B59207, De). 

As yet we have only six values on patients re- 
ceiving propylthiouracil but no Lugol’s solution. 
The SPI’s were 0.2, 0.6, 0.7, 1.0 and 2.7 higher 
and 1.0 gamma per cent lower than the BEI 
(A44295, B57397, 68952, A83086, C2869, C1807 ). 
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The dosage of Lugol’s solution does not seem 
to be the factor which affects the increment be- 
tween the SPI and BEI. Two patients on only 5 
drops of Lugol’s daily had differences between 
the SPI and BEI of 3.8 and 6.2 gamma per cent, 
while two patients on the large amount of 30 drops 
daily had differences of 3.8 and 7.4 gamma per 
cent. In 40 comparisons of SPI and BEI of pa- 
tients taking 14 or 16 drops of Lugol’s daily, the 
differences ranged from 0.8 to 10.2 gamma per 
cent, 

The difference between the values for SPI and 
BEI is not the result of deterioration of serum since 
the BEI of two hyperthyroid patients on Lugol’s 
and propylthiouracil was the same immediately 
after the blood was drawn, two, and four or five 
In one serum the SPI was 15.9, the 
BEI 14.1, 14.0 and 13.5 gamma per cent. In the 
other blood the SPI was 11.2 and the BEI 6.7, 6.2 
and 6.9 gamma per cent immediately, two and five 


days later. 


days after the blood was drawn. 

The differences between the SPI and BEI of 
patients on Lugol’s solution can not be ascribed 
merely to inclusion of inorganic iodine with the 
precipitated serum protein. SPI has been meas- 
ured before and after the addition of potassium 
iodide to three different sera from patients not tak- 
ing inorganic iodine. Two of these fresh sera 
were incubated at 37° for 24 hours with 200 gamma 
In the third experi- 
ment a similar quantity of iodide was added im- 


per cent of potassium iodide. 


mediately prior to precipitation with zinc hydrox- 
ide. The concentration of 200 gamma per cent 
of potassium iodide had been selected because this 
amount or less has been observed in sera of pa- 
In each 
instance the SPI of the serum alone was lower 
than that of the serum plus iodide but the differ- 
ences were 0.8, 0.8, and 1.1 ganima per cent, 
amounts far smaller than the differences between 
the SPI and BEI of the patients on Lugol’s solu- 


tients on 15 to 30 drops of Lugol's daily. 


tion. For example the SPI of a patient taking 30 
drops of Lugol’s solution (serum inorganic iodine 
225 gamma per cent ) was measured in two samples 
of serum centrifuged four times with double dis- 
tilled water and on two samples centrifuged five 
times. The average of those washed four times 
was 11.8, of those washed five times 11.3 gamma 
per cent in spite of a BEI of 4.4 gamma per cent. 
No inorganic iodine could be measured in the fifth 
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washing and only 0.3 gamma per cent in the fourth. 
Danowski's observations (8, 9) are in agreement 
with our conclusion that the presence of inorganic 
iodine in serum would not in itself cause the eleva- 
tion of SPI above the BEI of patients taking in- 
organic iodine. 

It seems rather that when inorganic iodine is 
taken, some iodine-containing compounds in ad- 
dition to thyroxine are included in the SPI. This 
hypothesis depends on the observation that the 
metabolic status of patients correlated more closely 
with the value for butanol-extractable iodine than 
with that of the SPI. 
of the exact chemical composition of the non- 


Our data give no evidence 


calorigenic iodine compounds included with the 
no 


demonstrated that this compound is not entirely 


Diiodotyrosine is a suspect since it has been 


removed from serum proteins in the procedure for 
the determination of SPI (16). 
sine and other organic compounds containing io- 


Monoiodotyr« p 


dine may have similar affinities for the proteins 
(15, 18-27). 

Obviously SPI may give falsely high values for 
circulating thyroid hormone in patients who are 
receiving inorganic iodine. The conclusion has 
been drawn that a SPI as high as 8.0 gamma per 
cent is compatible with euthyroidism, although the 
average value for normal subjects is 5.4 gamma 
per cent. Engstrom and coworkers (7), in a criti- 
cal analysis of the SPI of 139 hyperthyroid patients 
under medical treatment, found that SPI agreed 
with clinical criteria in 119, or 86 per cent. Dis- 
crepancies were encountered most frequently when 
patients became slightly or frankly hypothyroid 
(5). In these cases SPI did not fall below 4 
gamma per cent. 

Investigations are continuing to ascertain 
whether, as seems probable, BEI is a more ac- 
curate measure than SPI o/ circulating thyroid 
hormone. 

The artifactual high values of SPI produced by 
priodax are also found in BEIT. 


CONCLUSIONS 
SPI and butanol-extractable iodine (BEI) dif- 


fer by no more than 2.0 gamma per cent in normal 
persons, pregnant women, and persons with thy- 


roid disorders who are untreated or receiving thy- 
roid. 


SPI usually exceeds BEI by an average 
of 0.6 gamma per cent. 
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In patients who have received inorganic iodine, 


SPI frequently exceeds BEI. The BEI seems to 


be more consistent than SPI with other criteria of 


the clinical status of such patients. 


REFERENCES 


. Laidlaw, J. C., Nature of the circulating thyroid hor- 
mone. Nature, 1949, 164, 927. 

Taurog, A., Chaikoff, I. L., and Tong, W., The na- 
ture of plasma iodine as revealed by filter paper 
partition chromatography. J. Biol. Chem., 1950, 
184, 99. 

Rall, J. E., Iodine compounds in the blood and urine 


of man. J. Clin. Endocrinol., 1950, 10, 996. 

Taurog, A., and Chaikoff, I. L., The nature of the 
circulating thyroid hormone. J. Biol. Chem., 1948, 
176, 639. 

. Peters, J. P., Man, E. B., Kydd, D. M., Engstrom, 
W. W., and Waters, L. L., Toxic effects of anti- 
thyroid drugs. Yale J. Biol. & Med., 1949-50, 
22, 139 

. Kydd, D. M., Man, E. B., and Peters, J. P., Concen- 
tration of precipitable iodine in the serum. J. Clin. 
Invest., 1950, 29, 1033. 

Engstrom, W. W., Kydd, D. M., Man, E. B., and 
Peters, J. P., An analysis of the medical treatment 
of hyperthyroidism with thiourea and iodine: with 
special reference to the behavior of the serum pre 
cipitable iodine during therapy. J. Clin. Endo 
crinol., 1950, 10, 1251. : ; 

Danowski, T. S., Mateer, F., Weigand, F. A., Peters, 
J. H., and Greenman, J. H., Serum iodine frac- 
tions in subjects receiving potassium iodide in 
small dosage. J. Clin. Endocrinol., 1950, 10, 532. 

Danowski, T. S., Johnston, S. Y., and Greenman, J. 
H., Alterations in serum iodine fractions induced 
by the administration of inorganic iodide in mas- 
sive dosage. J. Clin. Endocrinol., 1950, 10, 519. 

. Danowski, T. S., Gow, R. C., Mateer, F. M., Everhart, 
W. C., Johnston, S. Y., and Greenman, J. H., In- 
creases in serum thyroxin during uncomplicated 
pregnancy. Proc. Soc. Exper. Biol. & Med., 1950, 
74, 323 

. Man, E. B., and Peters, J. P., Artifactual values of 
serum precipitable iodine. J. Lab. & Clin. Med., 
1950, 35, 280. 


. von Mutzenbecher, P., 


KYDD, AND JOHN P. PETERS 


Leland, J. P., and Foster, G. L., A method for the 
determination of thyroxine in the thyroid. J. Biol. 
Chem., 1932, 95, 165. 


. Blau, N. F., The determination of thyroxine in the 


thyroid gland. J. Biol. Chem., 1933, 102, 269. 


. Taurog, A., and Chaikoff, I. L., The determination 


of thyroxine in the thyroid gland of the rat. J. 
Biol. Chem., 1946, 163, 323. 

Taurog, A., Tong, W., and Chaikoff, I. L., Monoio- 
dotyrosine content of the thyroid gland. J. Biol. 
Chem., 1950, 184, 83. 


. Man, E. B., Smirnow, A. E., Gildea, E. F., and Peters, 


J. P., Serum iodine fractions in hyperthyroidism. 
J. Clin. Invest., 1942, 21, 773. 

Man, E. B., Heinemann, M., Johnson, C. E., Leary, 
D. C, and Peters, J. P., The precipitable iodine 
of serum in normal pregnancy and its relation to 
abortions. J. Clin. Invest., 1951, 30, 137 


. Harington, C. R., and Barger, G., Chemistry of thy- 


roxine. III. Constitution and synthesis of thy- 
roxine. Biochem. J., 1927, 21, 169. 


. Ashley, J. N., and Harington, C. R., Some deriva- 


tives of thyroxine. Biochem. J., 1928, 22, 1436. 

Harington, C. R., and Randall, S. S., Observations on 
the iodine-containing compounds of the thyroid 
gland. Isolation of dl-3:5-diiodotyrosine. Bio- 
chem. J., 1929, 23, 373. 


. Harington, C. R., and Pitt-Rivers, R. V., The chem- 


ical conversion of diiodotyrosine into thyroxine. 
Biochem. J., 1945, 39, 157. 

Pitt-Rivers, R., The oxidation of diiodotyrosine de- 
rivatives. Biochem. J., 1948, 43, 223. 


. Pitt-Rivers, R., Mode of action of antithyroid com- 


pounds. Physiol. Rev., 1950, 30, 194. 


. von Przylecki, St. J., and Truszkowski, R., Versuch 


einer Trennung ven Tyrosin, Thyroxin, 3,5-Dijod- 
tyrosin und Tyrosin enthraltenden Peptiden. Bio- 
chem. Ztschr., 1938, 298, 326. 

Uber die Bildung von Thy- 
roxin aus Dijodtyrosin. Ztschr. f. physiol. Chem., 
1939, 261, 253. 


. Block, P., Jr., A note on the conversion of diiodoty- 


rosine into thyroxine. J. Biol. Chem., 1940, 135, 51. 


. Vanderlaan, J. E., and Vanderlaan, W. P., The io- 


dide concentrating mechanism of the rat thyroid 
and its inhibition by thiocyanate. Endocrinology, 


1947, 40, 403. 





\ 
Acute (e.g., after total thyroidectomy) 


hypocalcemic is swiftly controlled by 
tetany 


Hytakerol together with calcium. 


e dose 


Orally 3 to 10 cc. (or 6 to 20 

capsules) daily until tetany is relieved; 
weekly maintenance dose of 1 to 7 cc. 

or 2 to14 capsules depending upon the blood 
and urine calcium levels. From 10 to 15 Gm. 
calcium lactate or gluconate should 

be given daily through the period of therapy. 


© supply 
Hytakerol in Oil, bottles of 
15 cc.; Hytakerol Capsules (each equivalent 
to 0.5 cc.), bottles of 50. 


Hytakerol) 


Brand of 
dihydrotachysterol 


y —, 
inc. 


New York 13, N. Y. \ Winosor, Ont. 


Hytakerol, trademark reg. U.S. & Canada 








Refresh...add zest 
to the hour 











most 
significant 





x advance 


TROMEXAN 


ethyl acetate 
new, safer. oral anticoagulant 


Throughout the exhaustive studies on TROMEXAN, involving many hundreds of cases, 
this new anticoagulant has proved singularly free from the dangers of hemorrhagic 


complication. Other advantageous clinical features of TROMEXAN are: 


i more rapid therapeutic response 


(therapeutic prothrombin level in 18-24 hours) ; 


2 smooth, even maintenance of prothrombin level 


within therapeutic limits; 


3 more rapid return to normal 


(24-48 hours) after cessation of administration. 


In medical and surgical practice . . . as a prophylactic as well as a therapeutic agent. . . 


TROMEXAN extends the scope of anticoagulant treatment by reducing its hazards. 


Detailed Brochure Sent on Request. 
TROMEXAN (brand of ethyl biscoumacetate) : available as uncoated scored tablets, 
300 mg., bottles of 50 and 250. 


P| » GEIGY COMPANY, INC. 
eIgY Pharmaceutical Division, 89-91 Barclay St., New York 8, N. 





Mead Johnson & Company presents 


A Pacaranet Cane Soom oF risen’ 


400 Teme Biefiae 
and wiaCinaeD 


“" 
\ 


EACH TEASPOON OF MULCIN SUPPLIES: 


Vitemin A . 
Vitamin D . 
Thiamine 
Riboflavin . 
Niacinamide 
Ascorbic Acid . 


Available in 4 oz. and 16 oz. bottles 


- 3000 units 

- 1000 units 
1.0 mg. 
1.2 mg. 
8.0 mg. 
50 mg. 


6 essential vitamins in 
a water-dispersible emulsion 
of unexcelled flavor 
and physical qualities 


A refreshing orange flavor, neither too 
sweet nor too sour, and a texture of re- 
markable smoothness make Mulcin a 
vitamin supplement pleasing to patients. 

It is light and non-sticky, and flows 
readily from bottle to spoon. 

Children, adolescents and adults enjoy 
taking Mulcin directly from the spoon. 
For infants, the dose may be mixed with 
formula, fruit juice or water. 

Ingredients of quality, skilled formu- 
lation and meticulous manufacturing 
controls are combined to make Mulcin a 
product of pharmaceutical elegance and 
a distinguished new member of Mead’s 
vitamin family. 


MEAD JOHNSON & CO. 


EVANSVILLE 21,IND.,U.S.A. 











In the selection of an antibiot 
for URINARY ANTISEPSI 


high urinary levels 
rapidly achieved } are a cri 
and easily maintained 


This newest of the broad-spectrum antibiotics 
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chart3 
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